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Abstract 
The compressed air energy storage (CAES) system, one of the grid-scale (>100MW) 
energy storage technologies, has been deployed in Germany and the USA. The 
round-trip efficiency of current commercial CAES plants is still low and needs to 
be improved. The CAES system will also play an important role in balancing 
electricity supply and demand because it can be integrated with renewable energy 
sources to overcome the intermittency problem. One unique feature of a CAES 
system integrated with wind power is that it is difficult to maintain constant 
operating conditions for CAES compression system due to fluctuating wind power 
output. The aim of this thesis is to study the approaches to improve the round-trip 
efficiency of CAES system, design and operation of the CAES system in the context 
of wind power and cost reduction when implementing the CAES system. This study 
is performed through process modelling, simulation and analysis. 
In this study, an integrated system consisting of a CAES system and an organic 
Rankine cycle (ORC) was proposed to recover waste heat from the CAES system 
for improving the round-trip efficiency of the CAES system. Steady-state process 
models of the CAES system and the ORC were developed in Aspen Plus®. These 
models were validated using data from the literature. Process analysis was carried 
out using validated models regarding the impact of different organic working fluids 
(e.g. R123, R134a, R152a, R245fa, R600a) of ORC and expander inlet pressures of 
the ORC on system performance. It was found that integrating ORC with CAES 
system can be an effective approach to improve the performance of the CAES 
system. The round-trip efficiency was improved by 3.32-3.95%, compared to that 
of a CAES system without ORC. 
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The performance analysis of a CAES system in the context of wind power at design 
and off-design conditions were investigated through process simulation. Different 
operation strategies for fluctuating wind power outputs were proposed. Steady-state 
models for charging and discharging processes of the CAES system were developed 
in Aspen Plus® and validated. To enable off-design performance analysis, 
compressor and turbine characteristic curves were used during model development. 
A pseudo-dynamic model for cavern was developed in Excel. It was found that the 
CAES system at variable shaft speed mode has better performance than that at 
constant shaft speed mode because at variable shaft speed mode, it can utilise more 
excess wind energy (49.25 MWh), store more compressed air (51.55×103 kg), 
generate more electricity (76.00 MWh) and provide longer discharging time than at 
constant shaft speed mode. 
Economic evaluation based on levelized cost of electricity (LCOE) was performed 
using Aspen Process Economic Analyser® (APEA). In terms of CAES system 
integrated with ORC, different working fluids in ORC and different power sources 
(e.g. wind and solar) associated with the CAES system were considered to estimate 
the LCOEs. It was found that the LCOEs for the integrated system were competitive 
with fossil-fuel fired power and even lower than offshore wind power and solar 
power. As for the CAES system in the context of wind power, it was found that the 
LCOE for the CAES system for wind power at variable shaft speed mode is lower 
than at constant shaft speed mode and the LCOEs at both modes are lower than solar 
and offshore wind power, conventional powers (e.g. natural gas combustion turbine) 
and especially the residential electricity price. 
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Results and insights presented in this PhD thesis will help to promote the 
commercial development of CAES technology.  
 
Keywords: 
CAES, Wind power, ORC, Process modelling, Process design, Process operation, 
Process integration. 
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1. Introduction 
This chapter will introduce the background and aim of this research. Section 1.1 
summarises the up-to-date development status of global energy demand and 
greenhouse gases emissions, briefly introduces different energy storage 
technologies, compressors of the CAES system and wind turbines connected to the 
electricity grid. Section 1.2 presents the motivations for this study. Section 1.3 
summarises the aim and objectives of this study. Section 1.4 justifies the predicted 
novel contributions. Section 1.5 explains the scope of this study. Section 1.6 
introduces research methodology and the software tools used in this study. Finally, 
Section 1.7 gives the outline of the thesis. 
1.1 Background 
1.1.1 Energy demand and renewable energy 
With the increase in global electrical energy demand, the annual amount of world 
electricity consumption reached 21,200 TWh in 2016 and the trend of global power 
consumption is still growing as shown in Figure 1-1 (Enerdata, 2017).  
 
Figure 1-1. The situation of global electrical energy consumption from 1996 to 
2016 (Enerdata, 2017). 
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Figure 1-2 shows that power generation by fossil fuels (e.g. coal, oil and natural gas) 
in conventional power plants contributed approximately 60% of world electrical 
energy supply in 2016 (IEA, 2017). As a result, massive CO2 emissions released 
from these conventional power plants to the atmosphere has resulted in the problem 
of the greenhouse effect (Liu et al., 2015). 
 
Figure 1-2. The situation of global electricity generation by different power 
sources from 1974 to 2016 (IEA, 2017). 
 
To reduce the CO2 emissions and also the high dependence on fossil fuels for power 
generation, renewable energy sources such as wind, solar and tide powers can be 
considered as alternative power generation sources (Skea and Nishioka, 2008; 
Ibrahim et al., 2008; Castillo and Gayme, 2014). In recent years, renewable energy 
sources have increased to nearly 10% of the world power generation in 2016 (IEA, 
2017). The capacity of wind power reached 3% of global electricity production in 
2015 and it is expected to increase from 11.6% (3599 TWh) in 2030 to 14.8% (6145 
TWh) in 2050 (Bouman et al., 2016). However, the majority of renewable energy 
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sources have a common problem of intermittency. The increasing utilisation of 
renewable energy sources could lead to an imbalance between electricity generation 
and demand due to the intermittent nature of renewable energy sources, whose 
output mainly depends on local environmental conditions and unpredictable weather 
(Pan et al., 2016; Arsie et al., 2009). This brings a great challenge to ensure the 
stability and reliability of the electricity grid (Luo et al., 2015; Ibrahim et al., 2008; 
Sundararagavan and Baker, 2012). Wind power is one of the major renewable 
energy sources. Implementing energy storage technologies for wind power can 
overcome this problem and improve the stability and reliability of the electricity grid 
(Chen et al., 2009; Beaudin et al., 2014; Liu et al., 2017; Sioshansi et al., 2011). 
1.1.2 Energy storage and energy storage technologies 
1.1.2.1 Energy storage and benefits 
The basic concept of energy storage is to store the energy and generate the energy 
for use when needed (Luo et al., 2015; Chen et al., 2009). The process of storing the 
energy can be regarded as the charging process, the process of releasing the energy 
can be regarded as the discharging process. Various working mediums used to store 
the energy can be regarded as the energy carriers (Aneke and Wang, 2016). Figure 
1-3 presents the schematic concept of energy storage. 
 
 
Figure 1-3. The schematic concept of energy storage (Aneke and Wang, 2016). 
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A key benefit of energy storage is better energy storage management, which can 
reduce the waste of energy and enhance the energy utilisation efficiency of power 
systems (Abedin and Rosen, 2012; Chan et al., 2013; Aneke and Wang, 2016). A 
process of electrical energy storage is to convert electricity into a form of energy 
stored for converting back to electricity when needed (Chen et al., 2009; Luo et al., 
2015). The electrical energy storage can be one of the most promising methods to 
address the problem of intermittent renewable energy sources and energy storage 
technologies have become increasingly important in balancing supply and demand 
of electricity to improve the quality and maintain stability of the grid network, as 
well as help in load shifting and peak shaving (Ibrahim et al., 2008; Radcliffe, 2013; 
Pardo et al., 2014; Castillo and Gayme, 2014; Kousksou et al., 2014). 
 
1.1.2.2 Classification of energy storage technologies 
There are two suggested approaches to categorise the different energy storage 
technologies, depending on their functions and forms of stored energy (Chen et al., 
2009). The classification of energy storage technologies is shown in Figure 1-4. 
Energy storage technologies can be classified by the form of stored energy into 
mechanical, electrical, chemical and thermal energy storage technologies. 
According to the functional classification, energy storage technologies can be 
divided into technologies for energy management, and power quality and reliability. 
By comparison, the most widely adopted method of the classification for energy 
storage technologies is according to the form of stored energy (Chen et al., 2009; 
Luo et al., 2015; Aneke and Wang, 2016).  
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Figure 1-4. Classification of energy storage technologies (Chen et al., 2009; Aneke and Wang, 2016; Luo et al., 2015).
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1.1.2.3 Brief introduction to energy storage technologies 
1.1.2.3.1 Pumped Hydroelectric Storage (PHS) 
PHS is a mature technology and widely implemented large-scale energy storage 
technology (more than 100 MWe). The schematic diagram of the PHS is shown in 
Figure 1-5.  
 
Figure 1-5. The schematic diagram of PHS (Luo et al., 2015). 
There are two reservoirs located at different elevations. During the period of the 
charging process, water is pumped from a lower reservoir to a higher reservoir using 
off-peak electricity. During the period of the discharging process, the water flows 
from the higher reservoir to the lower reservoir to drive the turbine and to generate 
electricity. The rated power of PHS power plants can be between 1MWe and 3,003 
MWe, the round-trip efficiency is around 70-85% with more than 40 years lifetime 
(Chen et al., 2009; Luo et al., 2015; Aneke and Wang, 2016; Ibrahim et al., 2008). 
Currently, there is more than 78,000 MWe capacity of PHS power plants in the 
world and the percentage of the PHS is over 99% of the worldwide large-scale 
energy storage construction (Aneke and Wang, 2016). One major limitation of PHS 
is the geographical requirement, including two large reservoirs at different 
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elevations. A long lead time (about 10 years) and high initial capital cost for 
construction, as well as environmental impacts,  are constraints for the PHS 
development (Denholm and Kulcinski, 2004; Ferreira et al., 2013; Luo et al., 2015; 
Chen et al., 2009). 
1.1.2.3.2 CAES 
In addition to PHS, CAES is another large-scale energy storage (more than 100 MW) 
technology. A schematic diagram of a CAES system is given in Figure 1-6.  
 
Figure 1-6. The schematic diagram of the CAES system (Ryan, 2017). 
During the period of the charging process, the surplus off-peak electricity will be 
utilised to drive the compressors of the CAES system for compressing and injecting 
the air into the cavern. During the period of the discharging process, the compressed 
air stored in the cavern can be released and expanded in the turbines for generating 
electricity at peak time. Currently, there are two commercial CAES plants in the 
world, one is the Huntorf CAES plant established in 1978 with a rated power of 290 
MWe and round-trip efficiency of around 42% in Germany, another is the McIntosh 
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CAES plant established in 1991 with a rated power of 110 MWe and round-trip 
efficiency of around 54% in the USA. The advantages of the CAES system include 
flexible size from kW to MW and it can be integrated with renewable energy sources 
to overcome the problem of intermittency. Nevertheless, the drawbacks of this 
system include the high initial capital cost and the limitation of the underground 
cavern. Details of the working principle of the CAES system will be described in 
Section 1.1.3. 
1.1.2.3.3 Flywheel Energy Storage (FES) 
An FES system consists of five key components: a flywheel, magnetic bearings, a 
motor/generator unit and a vacuum chamber (Amiryar and Pullen, 2017). The 
schematic diagram of the FES system is shown in Figure 1-7.  
 
Figure 1-7. The schematic diagram of the FES system (Luo et al., 2015).  
During the period of the charging process, the electricity is utilised to accelerate the 
motor connected to the flywheel through the bearing, the shaft rotation can transfer 
the rotational momentum to the flywheel which can store the energy. During the 
period of the discharging process, the flywheel transfers the kinetic energy and 
converts it back to electricity using the generator connected to the shaft. FES can be 
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classified into two types based on the rotating speed: low-speed and high-speed FES. 
The rotating speed of the low-speed FES is less than 6000 rpm, the high-speed FES 
is up to approximately 100,000 rpm (Pena-Alzola et al., 2011). The amount of 
energy stored depends on the rotating speed of the flywheel. The round-trip 
efficiency of the FES could be as high as 95%. It has a high power density, low 
maintenance cost, long lifetime and it is environmentally friendly (Luo et al., 2015; 
Aneke and Wang, 2016). However, the FES is not good for long time energy storage 
and the frictional force could decrease the round-trip efficiency in the process of 
operation (Ibrahim et al., 2008). 
1.1.2.3.4 Conventional Battery 
The conventional battery is the oldest way for electrical energy storage, which can 
store the electricity in the form of chemical energy. A rechargeable battery involves 
three key parts: the positive electrode (anode), the negative electrode (cathode) and 
the liquid, paste or solid electrolyte. These three sections constitute an 
electrochemical cell. During the process of discharging, the chemical reactions 
occur at the two electrodes and current flows through the external circuit from the 
anode to the cathode. During the charging process, the reaction will occur reversibly, 
the battery can be recharged by applying an external voltage across the electrodes 
(Ferreira et al., 2013; Chen et al., 2009). Most of the batteries can respond rapidly 
to load changes, which can improve the stability of the electricity grid or system. 
Batteries have a high energy efficiency (up to 95%), short lead time and easy 
installation (Kondoh et al., 2000; Kluiters et al., 1999; Luo et al., 2015). However, 
the disadvantages of batteries include low energy densities, small power capacity, 
high maintenance costs and short lifetimes. Also, many batteries contain toxic 
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materials which have a negative impact on the environment (Chen et al., 2009). 
There are different types of batteries in development, including lead acid, nickel 
cadmium, sodium sulphur, sodium nickel chloride and lithium-ion batteries (Luo et 
al., 2015; Aneke and Wang, 2016). 
 Lead-acid (PbO2) battery 
The lead-acid battery is the oldest rechargeable battery and is used widely for both 
household and commercial applications. The schematic diagram of the lead-acid 
battery is shown in Figure 1-8. The anode is made of PbO2, the cathode is made of 
Pb and the electrolyte is sulfuric acid. The lead-acid battery has a rapid response 
time, low capital cost and high cycle efficiency with 63-90% (Hadjipaschalis et al., 
2009; Kondoh et al., 2000; Luo et al., 2015). The lead-acid battery can be used as 
backup power for telecommunication systems and energy management systems. For 
example, it has been implemented as power sources in the vehicle industries 
(Ferreira et al., 2013; Luo et al., 2015). The drawbacks of the lead-acid battery 
include low cycle time (up to about 2000) and low energy density (Baker, 2008).  
 
Figure 1-8. The schematic diagram of the lead-acid battery (ITACA, 2018). 
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 Nickel-cadmium (NiCd) battery 
The NiCd battery is one of the most developed nickel-based batteries. It consists of 
a nickel hydroxide positive electrode plate, a cadmium hydroxide negative electrode 
plate and an alkaline electrolyte (Chen et al., 2009). The NiCd battery has high 
energy density and low maintenance requirements. Nonetheless, the weakness of 
this kind of battery is the high capital cost which is about 10 times higher than the 
lead-acid battery and the toxic metals (cadmium and nickel) which could be harmful 
to the environment (Aneke and Wang, 2016; Ferreira et al., 2013).  
 Sodium Sulphur (NaS) battery 
NaS battery is considered as one of the most promising batteries implemented for 
energy storage in the fields of electricity distribution grid system, wind power 
integration and high-value grid service (Luo et al., 2015; Aneke and Wang, 2016). 
As shown in Figure 1-9, a NaS battery includes molten sodium at the negative 
electrode, molten sulphur at the positive electrode and employs beta-alumina as the 
solid electrolyte.  
 
Figure 1-9. The schematic diagram of the NaS battery (Espinar and Mayer, 2011). 
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This battery needs to be operated at a high-temperature environment (e.g. 300-350˚C) 
during the periods of charging and discharging processes. The NaS battery can 
provide high energy density, high energy efficiency, long cycle life (~2500) and 
long discharge time (around 6 hours). The weaknesses of this kind of battery include 
a high operating temperature and a high capital cost. Sodium is combustible when 
it is exposed to water. 
 Sodium Nickel Chloride (NaNiCl2) battery 
The NaNiCl2 battery is similar to the NaS battery, it also needs a high operation 
temperature at around 270-350˚C. During the process of charging, NaCl salt and Ni 
can be converted into NiCl2 and molten Na. The chemical reaction will be reversed 
during the process of discharging (Aneke and Wang, 2016). Compared with the NaS 
battery, the NaNiCl2 battery has better safety characteristics, but the moderate 
energy density could be a weakness (Luo et al., 2015). At present, this battery has 
been used in the electric vehicles and submarines (Ferreira et al., 2013). 
 Lithium-ion (Li-ion) battery 
The Li-ion battery (refer to Figure 1-10) uses a lithiated metal oxide as the cathode 
and graphitic carbon with a layering structure as the anode (Chen et al., 2009). This 
battery has been widely used for portable electronics and medical units. Compare 
with other batteries, the Li-ion battery is smaller, lighter and more powerful. The 
energy density is around 90-190 Wh/kg and power density is around 500-2000 W/kg 
(Hadjipaschalis et al., 2009; Aneke and Wang, 2016). Moreover, it has high 
efficiency and low self-discharge rate. The drawbacks of the Li-ion battery include 
that the life cycle is easily affected by the temperature and the high capital cost also 
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limits the development in the large capacity applications (Aneke and Wang, 2016; 
Chen et al., 2009). 
 
Figure 1-10. The schematic diagram of the Li-ion battery (Roy and Srivastava, 
2015). 
1.1.2.3.5 Flow Battery Energy Storage 
Unlike the conventional batteries, the flow battery can store energy in two soluble 
redox couples which are located in the external tanks of liquid electrolyte. The 
electrolytes are pumped from the tanks to the cell stack which includes two 
electrolyte flow compartments and the cell stack is separated by the ion-selective 
membranes. Thus, the capacity of the flow battery is mainly determined by the size 
of the electrolyte tanks, the rated power is mainly determined by the size of the cell 
stacks (Ferreira et al., 2013; Luo et al., 2015). The operation of the flow battery is 
dependent on the reduction-oxidation reactions of the electrolyte solutions. During 
the period of the charging process, one of the electrolytes at the anode will be 
oxidised, another electrolyte at the cathode will be reduced. The electricity charged 
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can be transformed into the chemical energy of the electrolyte. The reaction process 
will be reversed for generating electricity during the period of the discharging 
process (Ferreira et al., 2013).  
The flow batteries have a high efficiency and short response time compared with 
other batteries. The weaknesses of the flow batteries include the low power density 
and the toxic characteristics of some materials (Ferreira et al., 2013). Currently, 
there are two types of flow batteries available for the commercial applications, 
vanadium redox (VRB) (refer to Figure 1-11) and zinc bromic (ZnBr) (refer to 
Figure 1-12) batteries. 
 
Figure 1-11. The schematic diagrams of VRB flow batteries (Nikolaidis and 
Poullikkas, 2017). 
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Figure 1-12. The schematic diagrams of ZnBr flow batteries (Akhil et al., 2016). 
The VBR is a mature flow battery system, it has a short response time, long cycle 
life (~10000 - 16000) and high efficiency (around 85%), but low energy density and 
high operating cost are the weaknesses which prevent its commercial development. 
The ZnBr flow battery has a high energy density (~30-65 Wh/L), but the cycle 
efficiency is low (approximately 65-75%) and the operating temperature range is 
narrow (Luo et al., 2015).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
1.1.2.3.6 Hydrogen Energy Storage (HES) 
The HES is one of the most popular chemical energy storage technology because 
hydrogen is an efficient, clean and storable energy carrier (Carrasco et al., 2006). 
As shown in Figure 1-13, during the period of the charging process, the off-peak 
electricity can be used to electrolyse water to generate hydrogen for later use. The 
hydrogen can be stored as different forms such as gas or liquid. During the period 
of discharging process, the stored hydrogen is used in the fuel cell and or burned 
directly to generate the electricity for the grid (Díaz-González et al., 2012; Luo et 
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al., 2015). One major weakness of the HES is that the energy loss during the 
operation of a single cycle results in the low round-trip efficiency of the entire 
system (Schüth, 2012). 
 
Figure 1-13. The schematic diagram of the HES (Ruiz, 2016). 
 
1.1.2.3.7 Capacitor and Supercapacitor 
A capacitor consists of two electrical conductors which are separated by a thin and 
nonconducting layer named a dielectric. When the capacitor is charged, the energy 
can be stored in an electrostatic field (Arepalli et al., 2005; Chen et al., 2009). 
Compared with the batteries, the capacitors have a higher power density and shorter 
charging time. Nevertheless, the development limitations of the capacitors are the 
finite capacity, low energy density and high energy dissipation because of the high 
self-discharge losses (Arepalli et al., 2005; Chen et al., 2009; Luo et al., 2015). 
Supercapacitors, also called electric double-layer capacitors, include two conductor 
electrodes, a porous membrane separator and an electrolyte (refer to Figure 1-14).  
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Figure 1-14. The schematic diagram of a supercapacitor (Luo et al., 2015). 
Compared with the capacitor and electrochemical battery, the supercapacitor has 
both the characteristics of electrochemical batteries and capacitors (Luo et al., 2015). 
The supercapacitors store energy in the form of an electrolyte solution between two 
solid conductors instead of the general arrangement of a solid dielectric between the 
electrodes. The capacity of energy storage of the supercapacitor is much higher than 
the capacitor (Chen et al., 2009). The supercapacitors have long cycle times (> 
100,000 times) and high cycle efficiency (Smith et al., 2008). Nonetheless, the self-
discharge rate (around 5-40%) and the capital cost are high (Ibrahim et al., 2008; 
Díaz-González et al., 2012). 
1.1.2.3.8 Superconducting Magnetic Energy Storage (SMES) 
A SMES system includes three key components: a refrigerator and vacuum system, 
a power conditioning system and a superconducting coil/magnet unit. The schematic 
diagram of the SMES system is shown in Figure 1-15. The SMES system stores 
energy in the magnetic field created by the flow of the direct current (DC) in the 
superconducting coil, the temperature of the stored energy can be cooled to be lower 
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than its superconducting critical temperature. During the period of the discharging 
process, the stored energy can be released to the alternating current (AC) system 
using a power coverter module.  
 
Figure 1-15. The schematic diagram of the SMES system (Luo et al., 2015). 
The DC will increase during the charging process of the SMES system. The 
advantages of SMES system include a high power density (~4000 W/L), rapid 
response time, high cycle efficiency (~95-98%) and long lifetime (up to 30 years) 
(Smith et al., 2008; Chen et al., 2009; Luo et al., 2015; Schoenung, 2001). The 
drawbacks of the SMES system include high capital cost, high self-discharging rate 
(10-15%) and effects of the strong magnetic field (Schoenung, 2001; Beaudin et al., 
2014). 
1.1.2.3.9 Thermal Energy Storage (TES) 
The TES technology can store the heat energy in the tanks/ reservoirs which can be 
used to store electricity or recover waste heat using different methods. There are 
three key approaches including sensible heat storage, latent heat storage and 
thermochemical heat storage methods. The sensible heat storage stores energy 
through changing temperature of the material (e.g. molten salt), the latent heat 
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storage stores energy through the phase change of materials (e.g. paraffin), the 
thermochemical heat storage stores energy through the chemical structure changes 
of the materials (e.g. metallic hydrides: CaH2; organic system: CH4/H2O) (Aneke 
and Wang, 2016; Ibrahim et al., 2008; Sharma et al., 2009). The self-discharge rate 
is low (about 0.05-1%), the storage reservoirs have a high energy density (80-500 
Wh/L). However, the round-trip efficiency of TES is low (around 30-60%) (Ibrahim 
et al., 2008; Chen et al., 2009; Luo et al., 2015).  
 
1.1.2.4 Comparison of technical characteristics of energy storage technologies 
Table 1-1. Comparison of technical characteristics of different energy storage 
technologies (Aneke and Wang, 2016; Luo et al., 2015; Chen et al., 2009; Zhao et 
al., 2015; Hadjipaschalis et al., 2009). 
System 
Energy 
density 
(Wh/L) 
Power 
density 
(W/L) 
Power 
rating 
(MW) 
Discharging 
time 
Suitable 
storage 
duration 
Response 
time 
Round-
trip 
efficiency 
(%) 
Capital 
cost 
($/kW) 
PHS 0.5-1.5 0.1-0.2 
100-
5000 
1-24 hrs+ 
Hours-
months 
Minutes 70-85 600-2000 
CAES 2-6 0.2-0.6 5-300 1-24 hrs+ 
Hours-
months 
Minutes 40-75 400-800 
FES 20-80 5000 0-0.25 Up to 15mins 
Seconds-
minutes 
< Second 85-95 250-350 
PbO2 50-80 90-700 0-20 Seconds-hours 
Mintues-
days 
< Second 63-90 300-600 
NiCd 15-80 75-700 0-40 Seconds-hours 
Mintues-
days 
< Second 60-80 500-1500 
NaS 15-300 120-160 0.05-8 Seconds-hours 
Seconds-
hours 
< Second 70-90 
1000-
3000 
NaNiCl2 150-180 220-300 0-0.3 Seconds-hours 
Seconds-
hours 
< Second 85-90 150-300 
Li-ion 200-400 
1300-
10000 
0-0.1 Mintues-hours 
Mintues-
days 
< Second 90-97 
1200-
4000 
VRB 20-70 0.5-2 0.03-3 Seconds-10  hrs 
Hours-
months 
Seconds 65-85 600-1500 
ZnBr 30-60 1-25 0.05-2 Seconds-10  hrs 
Hours-
months 
Seconds 65-75 700-2500 
HES 500-3000 0.2-20 0-50 
Seconds-24 
hrs+ 
Hours-
months 
Seconds-
mintues 
20-50 10000+ 
Capacitor 2-10 100000+ 0-0.05 Up to 60 mins 
Seconds-
hours 
< Second 60-70 200-400 
Supercapacitor 10-20 
40000-
120000 
0-0.3 Up to 60 mins 
Seconds-
hours 
< Second 85-98 100-300 
SMES 0.2-6 
1000-
4000 
0.1-10 Up to 8s 
Seconds-1 
hour 
< Second 95-98 200-300 
TES 80-500 ─ 0.1-300 1-24 hrs+ 
Mintues-
months 
Not for rapid 
response 
30-60 100-400 
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Some enegy storage technologies have unique charateristics which can be 
implemented in the particular energy storage applications. These unique 
characteristics can help in the selection of the proper energy storage technologies to 
be used in any given conditions. The details of technical characteristics of different 
energy storage technoilogies are summarised in Table 1-1. 
 
1.1.3 Process description of the CAES system 
 
Figure 1-16. A schematic diagram of a CAES system (Butcher, 2010). 
A CAES process (as shown in Figure 1-16) consists of three main subsystems: air 
charging, compressed air storage and compressed air discharging subsystems. In the 
charging subsystem, excess electricity at the off-peak time is utilised to compress 
air. The compressed air is injected into underground storage at high pressure. In the 
discharging subsystem, the stored compressed air in the cavern is extracted for 
generating electricity. The compressed air extracted is first preheated in the 
recuperator with recovered waste heat from the exhaust of the low-pressure turbine 
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before the waste heat is released to the atmosphere. The preheated air then passes 
into the combustion chambers where it is mixed with fuel (e.g. natural gas or 
methane) to be combusted. The high-temperature combustion product is expanded 
in the turbines to produce electricity (Chen et al., 2013; Elmegaard and Brix, 2011; 
Luo et al., 2014). 
Currently, there are mainly two types of CAES system: the traditional CAES (also 
called diabatic CAES) and the adiabatic CAES (A-CAES). The traditional CAES is 
commercialised and has successfully been operated in the Huntorf CAES plant and 
the McIntosh CAES plant. Compared with the diabatic CAES system, the A-CAES 
(See Figure 1-17) can store the waste heat from the compression in the heat storage 
of charging process and re-use the waste heat to preheat the compressed air during 
the discharging process (Budt et al., 2016). A higher efficiency of up to 70% could 
be achieved and there is no longer any need to burn extra fuel (such as natural gas) 
to heat the compressed air. However, the A-CAES is still under research and not 
commercialised in the industry (ESA, 2017; Budt et al., 2016). 
 
Figure 1-17. A schematic diagram of an A-CAES system (Ni and Chen, 2011). 
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1.1.4 Historical development of the CAES technology 
The elementary idea of using compressed air to store the electrical energy traces 
back to the early 1940s (Kalhammer and Schneider, 1976). However, the 
development of the CAES technology was not rigorously pursued by the scientific 
research community and the industry due to lack of necessity and feasibility of a 
grid network connecting to energy storage technologies. It was not concerned until 
the 1960s when CAES technology attracted great interest due to the geographical 
limitations of PHS. The Brown Boveri Company (BBC) proposed the concept of the 
gas turbine air storage peaking plant. The CAES technology was further mentioned 
and began to rise through the mid-1970s (Kalhammer and Schneider, 1976). The 
Huntorf CAES plant, as the first CAES plant in the world, was operated by the BBC 
company in Germany in 1978 (Crotogino et al., 2001). The details of this plant will 
be described in Section 2.3.1. With the successful operation of the Huntorf CAES 
plant and development of the CAES technology, the second generation A-CAES 
was investigated by Electric Power Research Institute (EPRI) (Budt et al., 2016). 
Moreover, the Pacific Northwest National Laboratory (PNNL) asserted that A-
CAES would be the most suitable and promising technology for energy storage 
(Zaloudek and Reilly, 1982). Nonetheless, the A-CAES project was postponed due 
to the successful establishment of the first CAES plant (e.g. McIntosh diabatic 
CAES plant) in the USA.  
The McIntosh CAES plant was operated by PowerSouth Electric Cooperative in 
1991 (PowerSouth Electric Cooperative, 2017). The description of this plant and 
comparison between the Huntorf and McIntosh CAES plants will be summarised in 
Sections 2.3.2 and 2.3.3. The operation of the McIntosh CAES plant had attracted 
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much interest from several US companies, such as Hawaiian Electric Co. and 
Tennessee Vally Authority. However, neither of them attempted to construct a 
commercialized plant (Budt et al., 2016). In 2001, a Norton CAES project was 
planned for 2700 MWe (9×300 MWe) power output. However, this project has not 
been operated so far due to unfavourable low electricity prices. The Seneca CAES 
project was planned by NYSEG in the USA in 2012, but it was also cancelled 
because of economic conditions. The Apex Bethel Energy Centre planned a 317 
MWe CAES project which started to be constructed in 2017 and expected to be 
operated in 2020 (Holloway, 2016; ApexCAES, 2017). A UK CAES project called 
‘Project-CAES Larne’ was planned by Gaelectric Energy Storage (GES) in 
Northern Ireland in 2011. The rated power output of this project is 330 MWe (Budt 
et al., 2016; Gaelectric, 2011). Details of this project will be described in Section 
2.4.4. 
Although many researches about the CAES technology are investigated, there is no 
more commercial CAES plant to be operated after the operation of the McIntosh 
CAES plant. Furthermore, the A-CAES technology is still under research. The EPRI 
only promotes the concepts of the CAES with few development efforts (Rice and 
Li, 2011). At present, the important features of the Huntorf and McIntosh CAES 
plants include black start capability and load shifting. Moreover, to overcome the 
intermittency problem of the renewable energy by integrating the CAES system with 
renewable energy can be another important driver for the development of the CAES 
technology. However, the CAES technology can be integrated with renewable 
energy sources was mentioned without being of importance. The CAES technology 
is now playing a more important role in overcoming the intermittency problem of 
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renewable energies (Lund and Salgi, 2009; Budt et al., 2016). In 2003, the European 
research on the project of A-CAES aimed to develop an A-CAES plant with the high 
round-trip efficiency of 70% but still has not been realised so far. The main concerns 
for the A-CAES system are the design of adiabatic compressors and materials of 
high-temperature TES (Budt et al., 2016; Luo et al., 2014). At the beginning of the 
21st century, the research and development of the CAES technology have been 
spread to many aspects such as process design and optimisation, process integration 
and efficiency improvement. 
1.1.5 Air compressor and its implementation in CAES system 
The function of compressors of the CAES system is to provide sufficient air to store 
the compressed air in the cavern. The compressor can increase the pressure of the 
compressed air with the required mass flowrate and pressure for storage. The 
compressor is to supply bleed air for different purposes. The bleed air can be taken 
from any of the various pressure stages of compressors (AIRCAV, 2008). There are 
two main types of compressors implemented in the CAES plant, axial compressor 
and centrifugal compressor.  
1.1.5.1 Axial compressor 
The axial compressor (shown in Figure 1-18) includes two main components: a rotor 
and a stator. The air passes along the compressor through rows of rotating and 
stationary blades. The blades can convert the kinetic energy to pressure, and a 
balancing drum is built in order to offset the axial thrust (Arfalk, 2017). The 
advantages of the axial compressor include: high peak efficiency, small area of the 
front and high pressure ratio because of the increased number of stages with 
negligible losses. The drawbacks of axial compressor include the narrow rotational 
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speed range, complex structure, high cost and high starting power consumption 
(AIRCAV, 2008). 
 
Figure 1-18. The schematic diagram of the axial compressor (Kala, 2011). 
 
1.1.5.2 Centrifugal compressor 
The centrifugal compressor (see Figure 1-19) comprises impeller (rotor), diffuser 
(stator) and casing.  
 
Figure 1-19. The schematic diagram of the centrifugal compressor (mech4study, 
2017). 
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The air enters the suction side of a rotating impeller with radial blades and is pushed 
toward the centre by centrifugal force. This radial movement of the air can lead to 
the rise of pressure and generate kinetic energy. Before the air enters the impeller, 
the kinetic energy can be also converted into pressure by the diffuser and volute 
(Arfalk, 2014; AIRCAV, 2008). The advantages of the centrifugal compressor 
include: high pressure ratio (per stage), wide rotational speed range, low cost and 
low starting power consumption. The disadvantages include: large area of the front 
and the impracticality of more than two stages due to non-ignorable losses between 
stages (AIRCAV, 2008). 
1.1.5.3 Implementation of compressors in the CAES system 
A combination of low-pressure axial compressors and high-pressure centrifugal 
compressors was used in the Huntorf CAES plant (Wang, et al., 2017; Riaz, 2010; 
Hoffeins, 1994). The pressure of the cavern of the CAES system can reach over 70 
bar, so the multi-stage compressors need to be considered. The axial compressor 
implemented in the first stage of compression process is typically used in an 
application with the requirement of low differential pressure (head), high volume air 
flowrate and higher efficiency (around 85%) (EnggCyclopedia, 2012).  
The wide range of pressure rise from 6 bar to over 70 bar after the first-stage 
compression mainly depends upon high rotational speed of impeller and its size. 
Nevertheless, the maximum allowable speed could be limited by strength of 
structural materials of impeller blades. This limitation on maximum achievable 
pressure rise can be overcome using high shaft speed centrifugal compressors, which 
can compress air to the required pressure using multi-stage centrifugal compressors 
operating in series (EnggCyclopedia, 2012). 
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1.1.6 Linking of wind electricity to the electricity grid 
1.1.6.1 Wind turbine 
A wind turbine is a device which can convert kinetic energy of wind into electrical 
energy. The main components of a wind turbine include: tower, rotor, blades, main 
shaft, gearbox system, yaw mechanism and generator (as shown in Figure 1-20) 
(Ragheb, 2014). The energy in the wind turns the blades around a rotor which is 
connected to the gearbox and the main shaft.  The shaft can spin the generator to 
produce electricity (DOE, 2018).  
 
Figure 1-20. The schematic diagram of a wind turbine (Ragheb, 2014). 
 
1.1.6.2 Wind turbines connected to the electricity grid 
In Figure 1-21, the wind turbine converts wind energy into electrical energy. The 
electricity will be delivered to the electricity supply system. The output electricity 
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of the wind turbine to the supply system is transmitted to the different levels of 
voltage systems. The majority of wind turbines are connected to the medium-voltage 
grid (1-35kV), the large offshore wind farms will be connected to the high-voltage 
grid (more than 35kV) (DM Energy, 2011). The generator of a wind turbine 
produces AC electricity. The power converter can convert AC to direct current (DC) 
with a rectifier, then convert back to AC with an inverter. The purpose of converting 
AC to DC and then back to AC again is to match the frequency and phase of the 
electricity grid (DM Energy, 2011; DOE, 2018). 
 
Figure 1-21. The schematic diagram of wind turbines connected to the grid 
(Kalyani et al., 2016). 
1.2 Motivations for this study 
1.2.1 Grid-scale capacity 
At present, only PHS and CAES technologies can be applied in large or grid-scale 
(>100MW) application. The PHS technology is mature and has been implemented 
widely in many countries around the world. However, geographical constraints for 
the PHS technology requiring two large reservoirs at different elevations and also 
the environmental issues limit its commercial deployment (Chen et al., 2009; 
Kousksou et al., 2014; Denholm and Kulcinski, 2004; Denholm and Holloway, 
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2005). Thus, the CAES technology could become an attractive alternative for large 
or grid-scale energy storage applications. 
1.2.2 Round-trip efficiency 
With regards to waste heat from charging and discharging processes in the CAES 
system, the temperatures of inter-coolers (around 95 ˚C to 130˚C), after-cooler 
(around 130˚C) and exhaust from recuperator (around 121˚C) are high enough to be 
recovered for power generation using an organic Rankine cycle (ORC). CAES 
system integrated with ORC for waste heat recovery will also improve the round-
trip efficiency of the CAES system. Therefore, the CAES system integrated with the 
ORC to recover waste heat from the charging and discharging processes of the 
CAES system is to be investigated and analysed through process simulation for 
improving system performance. 
1.2.3 Use of renewable energy sources 
Wind power as one of the major renewable energies is intermittent, whose output 
mainly depends on local environmental conditions and unpredictable weather. The 
CAES technology as one grid-scale energy storage technology can be an attractive 
and promising option to mitigate the intermittency problem of large-scale wind 
power generation to improve the stability and reliability of the grid. Figure 1-22 
shows that CAES system can utilise excess off-peak wind electricity to store and 
discharging electricity during the period of high demand. For example, from 1 am 
to 4 am and from 6 am to 10 am, the external electricity demand is low, the excess 
off-peak electricity will drive air compression and the cavern pressure increases. 
From 11 am to 1 pm, the external electricity demand becomes higher, the stored air 
will be expanded to drive turbines for electricity generation.  
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Figure 1-22. Operation of the CAES system integrated with wind power within 24 
hours (Crotogino et al., 2001). 
 
One unique feature of a CAES system in the context of wind power is that it is 
difficult to maintain constant operating conditions for the CAES compression 
system due to fluctuating wind power output. Thus, the performance of a CAES 
system in the context of wind power at design and off-design conditions will be 
investigated and analysed through process simulation. 
1.3 Aim and objectives of this research 
The aim of this thesis is to study the approaches to improve the round-trip efficiency 
of CAES system, design and operation of the CAES system for wind power and cost 
reduction when implementing the CAES system. This study is performed through 
process modelling, simulation and analysis. To achieve the aim, the following 
objectives have been identified: 
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 To provide a comprehensive review and critical assessment of previous 
researches on round-trip efficiency improvement, design and operation of 
the CAES system. 
 To develop and validate process models for the CAES system and ORC in 
Aspen Plus®: 
 Steady-state models for charging process of the CAES system 
 Steady-state models for discharging process of the CAES system 
 Steady-state model for ORC 
 To carry out process analysis of the CAES system integrated with ORC and 
to explore different factors which can influence round-trip efficiency of the 
CAES system. 
 To develop and validate improved models of the CAES system for wind 
power in Aspen Plus®: 
 Improved models for the compressors and turbines based on their 
charateristic curves. 
 Pseudo-dynamic model for the storage cavern of the CAES system 
 Improved model of the CAES system for wind power 
 To perform process analysis of the CAES system for wind power at design 
and off-design conditions involving the different modes: constant and 
variable shaft speed modes of the compressors. 
 To perform economic evaluations of different systems, consisting of the 
CAES system integrated with the ORC and the CAES system for wind power 
at design and off-design conditions. 
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1.4 Novel contributions 
In a stand-alone CAES system, there is a large amount of low-grade waste heat from 
heat exchangers (e.g. intercooler, aftercooler and recuperator). ORC is a widely used 
technology for recovery of low-grade heat. On the other hand, most of the studies 
on process modelling and simulation of the CAES system in the context of wind 
electricity were for the system analysis at design condition. The off-design 
performance of the CAES systems for wind power is yet to be investigated.  The 
novel contributions of this thesis include: 
 For the CAES system integrated with ORC 
 Steady-state models were developed and model validations were carried 
out for the CAES system and ORC respectively. 
 A new scheme for waste heat recovery using ORC technology was 
proposed for the CAES system. 
 Technical performance of the integrated system of the CAES system 
with ORC was evaluated through process simulation using the validated 
models. 
 Economic evaluation of the integrated system was carried out using 
Aspen Process Economic Analyser® (APEA). 
 For the CAES system in the context of wind power 
 Improved steady-state models were developed for compressors and 
turbines of the CAES system based on characteristic curves in Aspen 
Plus® and Fortran, a pseudo-dynamic model for the cavern was 
developed in Excel.  
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 Models for the CAES system in the context of wind power at design and 
off-design conditions were developed. 
 Different operation strategies for the CAES system integrated with wind 
power were proposed for different wind power output conditions. 
 Technical performance analysis of the CAES system in the context of 
wind power at design and off-design conditions was investigated, also 
two different modes (constant and variable shaft speed modes) at off-
design conditions were evaluated. 
 Economic evaluation for the CAES system for wind power at design and 
off-design conditions was carried out using APEA. 
1.5 Scope of this study 
 
Figure 1-23. Overview of the scope of this thesis. 
Figure 1-23 shows the scope of this thesis, the blue dashed line (- - - - -) is the 
boundary of this thesis. This thesis focuses on the CAES system. Firstly, it is the 
CAES system integrated with ORC to improve the round-trip efficiency of the 
CAES system. Secondly, it is the CAES system in the context of wind power to 
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curtail the intermittency problem of wind power. However, this thesis does not 
include model development of wind farm and components between the CAES 
system and wind turbines. This thesis also does not include the integrated system of 
the CAES system with ORC for wind power which will be mentioned in Section 7.2 
for future research and the consideration of mechanical stress or integrity of the 
system (e.g.materials, control and monitoring). 
1.6 Research methodology and software tools used in this study 
1.6.1 Research methodology 
 
Figure 1-24. Overview of research methodology. 
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Although two CAES plants have been commercialised, there are still many 
challenges regarding the performance improvement, waste heat recovery and 
integration with renewable energy sources. Figure 1-24 shows the research 
methodology implemented in this thesis to achieve the aim and objectives of this 
study as presented in Section 1.3.                                                                 
 
1.6.2 Software tools used in the study 
1.6.2.1 Aspen Plus® 
ASPEN is an acronym for Advanced System for Process Engineering and is based 
on a flowsheet simulation. Aspen Plus® developed by Aspen Technology, Inc. was 
an engineering software used for model development study (AspenTech, 2018a). 
Aspen Plus® was implemented for modelling and simulation of the CAES system 
throughout this thesis. Its advantages include (AspenTech, 2018a; Al-Malah, 2016; 
Luo, 2016): 
 Aspen Plus® has different physical property methods and comprehensive 
property databank, which can support modelling, process simulation and 
optimisation.  
 Aspen Plus® is a professional engineering software for the chemical industry. 
It can prove physical properties and reaction models for chemicals, 
electrolytes, solids and polymers.  
 Use integrated modelling for batch and continuous processes from 
innovation through operations.  
36 
 
1.6.2.2 Aspen Process Economic Analyzer® (APEA) 
The APEA is cost estimating software to calculate the capital expenditures and 
operating expenses for a process system (AspenTech, 2018b). In this study, the 
software tool was used to evaluate different costs (e.g. capital cost, operating cost 
and levelized cost of electricity (LCOE)) of the CAES system and integrated system. 
The major characteristics of APEA include (AspenTech, 2018b; Luo, 2016): 
 APEA adopts a bottom-up method for cost evaluation depended on the 
historical data from real projects except for some special equipment or unit.  
 APEA can re-map and re-size each equipment or unit of a system model 
created by Aspen Plus®. However, the model created by Aspen Plus® cannot 
be directly implemented in the APEA because some equipment or units 
exceed the design parameters of the real plants (e.g. flowrate, area and 
volume) and APEA can re-evaluate each equipment from the real data from 
the database.  
 
1.7 Outline of the thesis 
Chapter 2 reviews an up-to-date assessment of the research activities and 
development of the CAES technology. The development of the experimental studies 
and commercial deployment projects is described. The research activities on the 
modelling and simulation of the CAES system and the integrated system of the 
CAES system with other systems (e.g. ORC and renewable energy sources) are 
discussed. Finally, the economic evaluation and performance criteria for the CAES 
system are also reviewed. 
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Chapter 3 presents the basic working principle of ORC, model development and 
model validations of the CAES system and ORC. The characteristic curves for 
compressors and turbines of the CAES system are also discussed. The improved 
models and model validations for the compressors and turbines and a pseudo-
dynamic model for cavern of the CAES system are developed. The improved model 
of the CAES system for wind power is developed based on the improved models of 
the compressors and turbines and the pseudo-dynamic model of the cavern. 
Chapter 4 describes the working principles of the integrated system of the CAES 
system with ORC. The integration of the CAES system with ORC is discussed and 
the saturation curves and operating point of ORC are also presented in this chapter. 
Technical performance analysis of the CAES system integrated with ORC is 
investigated with the discussion of the effects of different factors (e.g. ORC working 
fluid and expander inlet pressure). 
Chapter 5 presents working principle and operation strategies of the CAES system 
for wind power. Type selection of compressors and turbines of the CAES is 
discussed. Technical performance investigation of the CAES system for wind power 
at design and off-design conditions including two different modes (e.g. constant and 
variable shaft speed modes) are also discussed and analysed. 
Chapter 6 proposes economic evaluation for the CAES system integrated with ORC 
and the CAES system in the context of wind power. The methodology for using 
APEA is described. The economic evaluation for the CAES system integrated with 
the ORC is discussed with the effects of different ORC working fluids, variable 
power sources and comparison of LCOEs for different power sources. The economic 
evaluation for the CAES system in the context of wind power at design and off-
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design conditions is investigated with the effects of different modes and comparison 
in LCOE of different power sources. 
Chapter 7 summarises conclusions for this study and the recommendation for future 
work. 
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2. Literature Review 
The aim of this chapter is mainly to summarise state-of-the-art research activities on 
CAES technologies. The chapter will present relevant concepts, features, relevant 
projects and plants about the CAES techniques. The past research approaches, recent 
progress and advancement of the CAES system will be reviewed in this chapter. 
Moreover, this chapter will also present the CAES system integrated with renewable 
energy sources, economic evaluation, environmental impact and performance 
criteria on the CAES system. 
2.1 Lab experimental rigs on CAES for wind power and relevant 
studies 
2.1.1 Lab experimental rigs on a unidirectional hybrid system and relevant 
studies 
2.1.1.1 Lab experimental rigs 
A new hybrid system of a CAES system integrated with wind turbines (refer to 
Figure 2-1) through mechanical power transmission has been developed by a 
research team at the University of Warwick (Sun et al., 2015). A scroll expander 
was implemented to serve as an “air-machinery energy converter” which transmitted 
excess driving power generated by the stored compressed air from the CAES system 
to the wind turbine shaft for smoothing the fluctuating wind power (Sun et al., 2015). 
This experimental test rig was developed by the research team. Figure 2-2 shows 
the experimental test rig of a small-scale CAES system integrated with a wind 
turbine.  
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Figure 2-1. The schematic diagram of the unidirectional hybrid system (Sun et al., 
2015). 
 
 
Figure 2-2. The experimental test rig of the unidirectional hybrid system (Sun et 
al., 2015). 
Table 2-1 lists the major components and the corresponding parameters of this 
experimental rig including motor, permanent magnet synchronous generator 
(PMSG), scroll-expander, tank, valve and so on. 
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Table 2-1. The main components of lab rigs of the unidirectional hybrid system 
(Sun et al., 2015). 
 
 
2.1.1.2 Relevant studies 
The mathematical model of the hybrid system of the CAES system integrated with 
wind turbine developed by the Matlab/Simulink was given and the limitation of the 
model was that the extreme low wind speed or no wind conditions were not properly 
represented (Sun et al., 2015). The corresponding control strategies of this hybrid 
system were also presented in another literature (Sun et al., 2011; Sun et al., 2015). 
The simulation results were compared with the experimental test results, which 
showed good agreement.  
The maximum round-trip efficiency of this integrated system was around 55%. For 
this hybrid system, the process is to covert the energy of compressed air to 
mechanical energy for the wind turbine. Energy losses are inevitable, such as 
operation loss of the scroll expander. Furthermore, the limitation of this 
experimental study is using two DC motors to replace the wind turbine and can only 
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investigate the low wind speed condition due to the condition of laboratory and 
university safety regulations (Sun et al., 2015). 
2.1.2 Lab experimental rigs on a bidirectional hybrid system and relevant 
studies 
2.1.2.1 Lab experimental rigs 
Krupke et al. (2017) proposed a bidirectional hybrid system of a CAES system 
integrated with wind turbine (as shown in Figure 2-3) based on the experience from 
the unidirectional hybrid system in Section 2.1.1. The major components of lab 
experiment rigs of this hybrid system include motor, generator, scroll-
expander/compressor, storage tank and pressure valve.  
 
Figure 2-3. The schematic diagram of the bidirectional hybrid system (Krupke et 
al., 2017). 
Compared with the unidirectional hybrid system in Section 2.1.1, the main 
difference is that this bidirectional hybrid system not only enables a turbomachinery 
device (e.g. scroll-compressor or scroll-expander) of a CAES system to connect the 
wind turbine for smoothing the fluctuating wind power, but also the turbomachinery 
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device can serve as a compressor or expander for servicing the charging and 
discharging processes of a CAES system (Krupke et al., 2017).  
2.1.2.2 Relevant studies 
As for this bidirectional hybrid system, a dynamic mathematical model was 
presented. The models for each of system components were discussed. However, 
for the whole system, only the discharging process of the CAES system was 
discussed and analysed in which the scroll-device serve as the expander. The 
charging process of the CAES system was not presented in which the scroll-device 
serve as the compressor. Moreover, the round-trip efficiency of this bidirectional 
hybrid system was only about 37% due to the losses of massive energy in the process 
such as air leakage, friction and transmission losses (Krupke et al., 2017). 
 
2.2 Pilot CAES plants 
2.2.1 CAES system with thermal energy storage (TES) 
 
Figure 2-4. The pilot CAES plant with TES (Wang et al., 2016).  
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A pilot plant of a CAES system with TES called TICC-500 (see Figures 2-4) was 
designed with power rating 500 kWe and designed round-trip efficiency of 33.3% 
in collaboration between Tsinghua University and Chinese Academy of Science. It 
has been tested and operated since 2014 (Wang, 2017; Wang et al., 2016). The 
process diagram of the pilot plant is shown in Figure 2-5. This pilot plant uses water 
as working fluid for thermal energy storage of the CAES system.  
 
Figure 2-5. The diagram of pilot CAES plant with TES (Wang et al., 2016). 
Wang et al. (2016) analysed the performance of the system with key factors 
including power consumption and output, air temperature and pressure of the storage 
tank with charging and discharging time. However, the average round-trip 
efficiency of the pilot plant was only 22.60% in the experimental study (Wang et al., 
2016). The reason was that the unstable operating condition of compressors caused 
by the pressure variation in the storage tank resulted in more power consumption in 
the charging process of the CAES system. Moreover, the power output was affected 
by the insufficient mass flow of compressed air expanded in the turbines and the 
efficiency of the recovered waste heat in TES was less than the design condition 
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(Wang et al., 2016). Additionally, the more remarkable suggestions for improving 
round-trip efficiency of the CAES integrated with TES can be high-temperature TES 
(more than 600˚C) and the heat-resistant materials of the compressor (Hartmann et 
al., 2012). 
2.2.2 Supercritical CAES (SC-CAES) plant 
From Guo et al. (2016), a 1.5MW SC-CAES pilot plant (refer to Figure 2-6) was 
designed by Macaoenergy Industry Park Development Co. Ltd and Institute of 
Engineering Thermo-physics of the Chinese Academy of Science in 2013. The 
system performance has been tested and reached the designed conditions in Bijie, 
China. The SC-CAES system does not consume fossil fuel and does not need a large 
volume of cavern for storing compressed air, it can recover the waste heat from 
compression process and present high round-trip efficiency using the special 
properties of supercritical air (Guo et al., 2016). The schematic diagram of the SC-
CAES plant is shown in Figure 2-7. Currently, the project has been operating for 
more than 3000 hours and the average round-trip efficiency is 55% (Macaoenergy, 
2013; Wang, 2017). 
 
Figure 2-6. A 1.5MWe SC-CAES pilot plant (Wang, 2017). 
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Figure 2-7. The schematic diagram of the SC-CAES pilot plant (Guo et al., 2016). 
 
2.2.3 Advanced CAES pilot plant 
Based on the experience of the 1.5 MWe SC-CAES project, a 10 MWe rated power 
advanced CAES project (refer to Figure 2-8) was developed in Guizhou of China by 
the Energy Storage R & D centre, Chinese Academy of Science in 2016.  
 
Figure 2-8. A 10 MWe advanced CAES pilot plant (Wang, 2017). 
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This system is mainly for scientific research and demonstration including wide-load 
compressors, high-load turbines and heat exchangers. This system has been in 
operation since 2017 (Energy Storage R&D Center, 2016). 
 
2.3 Commercial CAES plants 
Currently, there are two commercial CAES plants in the world. One is the Huntorf 
CAES plant in Germany, another one is the McIntosh CAES plant in the USA. 
Details of these two plants will be described in the following sections. 
2.3.1 Huntorf CAES plant 
The Huntorf CAES plant in Germany designed by BBC Mannheim, as the first 
commercial CAES plant in the world, has been in operation since 1978 (refer to 
Figure 2-9) (Chen et al., 2013; Crotogino et al., 2001). The initial Huntorf CAES 
plant was 290MWe output power for 2-hour discharging duration, which was 
upgraded to 321 MWe output power for 3-hour discharging duration in 2006 (He et 
al., 2017; Barnes and Levine, 2011).  
 
Figure 2-9. The Huntorf CAES plant in Germany  (Bullough, 2004). 
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The compressed air is stored in two salt caverns (total volume around 310,000 m3 ) 
with 43-70 bar regular operational pressure and depth of 600-800m (Robb, 2011; 
Aneke and Wang, 2016; Crotogino et al., 2001). The round-trip efficiency of the 
Huntorf CAES plant is around 42% (the plant requires 0.8kWh electricity and 
1.6kWh fuel energy for an output of 1kWh electricity), also this plant can operate 
with remarkable performance with ~90% availability and ~99% starting reliability 
(Chen et al., 2009; Luo et al., 2014; Succar and Williams, 2008; Pimm, 2011). This 
plant has been operated for 40 years and the initial function of the Huntorf CAES 
plant was to provide black-start power to the nuclear power plant and generate more 
electricity at peak time (peak shaving). Currently, the CAES plant is also operated 
to integrate with wind power to curtail the intermittent problem of wind power 
output and balance supply-demand of the electricity grid (Barnes and Levine, 2011).  
2.3.2 McIntosh CAES plant 
The McIntosh CAES plant designed by Dresser-Rand has been operated since 1991 
in McIntosh, Alabama, USA (refer to Figure 2-10). Some operating conditions of 
this plant (e.g. temperature and pressure) were similar to the Huntorf CAES plant. 
The McIntosh CAES plant can generate 110MWe output power for 26-hour 
discharging duration. The storage capacity of a single salt cavern is over 560,000 
m3 with the regular operational pressure of 45-74 bar and a depth of around 450m 
(PowerSouth Electric Cooperative, 2017; Aneke and Wang, 2016). The round-trip 
efficiency of the McIntosh CAES plant is around 54% (the plant requires 0.69 kWh 
electricity and 1.17 kWh fuel energy for an output of 1kWh electricity), and it can 
operate with remarkable performance with ~92.1% starting reliability and ~99.5% 
running reliability (Barnes and Levine, 2011; Luo et al., 2014; Pimm, 2011). 
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Figure 2-10. The McIntosh CAES plant (Seltzer, 2017). 
The unique and major improvement of the McIntosh CAES plant is the use of a 
recuperator to recover waste heat from the turbine exhaust to preheat the compressed 
air. Recovering waste heat by the recuperator can increase the round-trip efficiency 
of the McIntosh CAES plant from 42% to 54% and also reduce fuel consumption 
by 22-25%, compared with the Huntorf CAES plant (Luo et al., 2014; Barnes & 
Levine, 2011). However, adding the recuperator could delay the system start-up time 
(van der Linden, 2007; Barnes and Levine, 2011). 
2.3.3 Comparison between the two commercial CAES plants 
A specific comparison in the two CAES plants is given in Table 2-2. The two 
commercially operated CAES plants are diabatic, which have no TES device for 
heat storage. However, the multi-stage intercoolers implemented in the two CAES 
plants can reduce exergy losses during the charging process (Crotogino et al., 2001). 
The implementation of a recuperator in the McIntosh CAES plant for waste heat 
recovery can also limit the exergy losses (PowerSouth Electric Cooperative, 2017).  
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Table 2-2. Comparison between the Huntorf and McIntosh CAES plants 
(Venkataramani et al., 2016; PowerSouth Electric Cooperative, 2017; Crotogino et 
al., 2001). 
Components & Streams Huntorf CAES McIntosh CAES 
Operation time 1978 1991 
Rated power output (MW) 
290  
(upgrade to 321) 
110 
Maximum charging electricity (MW) 60 50 
Charging time (hours) 8 40 
Discharging time (hours) 2-3 26 
Round-trip efficiency (%) 42 54 
Number of caverns 2 1 
Type of cavern Salt Salt 
Volume of caverns (m3) 310,000 560,000 
Depth of caverns (metres) 600-800 450 
Regular operation pressure in the cavern 
(bar) 
43-72 45-74 
Fuel in the combustors Gas Gas / Oil 
Air mass flowrate in charging process 
(kg/s) 
108 90 
Air mass flowrate in discharging 
process (kg/s) 
417 156 
 
2.4 Planned CAES projects 
2.4.1 Iowa CAES project 
A CAES project was planned by the Iowa Association of Municipal Utilities in 2003, 
the rated power of the CAES plant was 270 MWe with $400 million investment. 
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This plant was planned to be operated in 2015 (Haugen, 2012; Schulte et al., 2012). 
This plan was to integrate the CAES system with the Iowa 75 to 100 MWe wind 
farms announced in 2006 (Barnes and Levine, 2011). Nevertheless, CAES plant was 
terminated after eight years due to limitations of geology (Schulte et al., 2012). It is 
evidenced that Iowas’ sandstone aquifer was not suitable for storing compressed air 
because the stored air in Iowa’s aquifers cannot be fast released to reach the 
requirement of air flowrate to generate electricity in the discharging process of the 
plant (Haugen, 2012; Luo et al., 2014). 
2.4.2 ADELE A-CAES project 
The first grid-scale A-CAES project (refer to Figure 2-11) was designed by RWE 
POWER, General Electric, Ed. Züblin AG and its subsidiary Ooms-Ittner-Hof 
GmbH (OIH), and German Aerospace Center (DLR) in Germany.  
 
Figure 2-11. The planning layout of the ADELE project (RWE, 2013). 
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This A-CAES project was called ADELE with high round-trip efficiency target of 
around 70% (RWE, 2013). The aim of the project was to integrate the CAES system 
with wind power for smoothing the fluctuating wind power. The novelty of A-CAES 
system is to recover waste heat from the compression process and to expand 
compressed air without CO2 emissions. The project was planned to have 360 MWh 
energy storage and 90 MWe rated power output. However, there are still some 
technical challenges to be solved. For example, the design of high pressure and 
temperature compressor with the consideration of lubrication and the special 
materials of high-temperature TES withstanding thermal and mechanical stress (Luo 
et al., 2014; Budt et al., 2016). Currently, this project is still under research and 
construction because of technical challenges and uncertain business conditions 
(Wang, 2017; Luo et al., 2016). 
2.4.3 Norton CAES project 
The Norton energy storage project was announced by FirstEnergy Generation Corp 
in 2009. The project was planned to install and generate 268 MWe electricity 
(FirstEnergy Generation Corp, 2009). With 9.6 million m3 storage of the 
compressed air in the cavern, the Norton Energy Storage Project has the potential to 
be produced approximately 2,700 MWe (9×300 MWe) electricity (FirstEnergy 
Generation Corp, 2009; Luo et al., 2014). The aim of this project is to integrate the 
CAES with renewable energies to overcome the intermittency problem of renewable 
energy (FirstEnergy Generation Corp, 2009). In 2013, FirstEnergy Generation Corp 
delayed the construction of this project because of the low electricity price and low 
demand (Luo et al., 2014; Budt et al., 2016).  
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2.4.4 Larne CAES Project 
A project called ‘Project-CAES Larne’ was investigated by Gaelectric’s energy 
storage division, Gaelectric Energy Storage (GES) in 2011 and GES began to 
construct a CAES system potentially in the Larne of North Ireland. The aim of this 
project is also to integrate the CAES system with renewable energies sources (e.g. 
wind, solar and bioenergy) which will generate up to 1000 MW of renewable power 
in Larne area by 2020 (Gaelectric, 2011). The power output of this CAES project is 
330 MWe including two 165 MWe units with two 1400-1700m underground 
caverns (Budt et al., 2016; Gaelectric, 2011). Project-CAES Larne will bring 
significant benefits to the operation of the wider Northern Ireland transmission grid. 
Additionally, the project will be a vital demonstration project for further 
development of CAES technology at other sites in the UK (Gaelectric, 2011). 
2.4.5 Texas CAES project 
The Apex Bethel Energy Centre planned a CAES project located in Anderson 
County, within Texas’ ERCOT power market. This project was constructed in 2017 
and expected to operate in 2020 with 317 MWe rated power output (ApexCAES, 
2017; Holloway, 2016). The aim of this project is to provide black start, peak load 
shift, frequency regulation and integration with renewable energy. The company 
Chamisa Energy announced that this CAES project can be integrated with wind 
power in Texas to curtail the intermittency problem of wind energy, which can 
ensure the reliable and stable power flow to the grid (Holloway, 2016).  
2.4.6 Columbia Hills CAES plant and Yakima Minerals hybrid CAES plant 
The Columbia Hills CAES plant and the Yakima Minerals hybrid CAES plant were 
designed by Bonneville Power Administration (BPA) and Pacific Northwest 
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National Laboratory (PNNL) in the USA (McGrail et al., 2013). The Columbia Hills 
CAES system represents a conventional CAES system design as shown in Figure 2-
12 and the rated power is around 207 MWe. PNNL calculated through process 
simulation that the total capital cost for this plant was about $1,112/kW and the 
LCOE was about 6.41cents/kWh (McGrail et al., 2013). 
 
Figure 2-12. The schematic diagram of the Columbia Hills CAES plant (McGrail 
et al., 2013). 
 
The Yakima Minerals hybrid CAES plant utilises both CAES technology and the 
geothermal heat source to generate electricity (McGrail et al., 2013). The schematic 
diagram of the hybrid plant is presented in Figure 2-13. Apart from the conventional 
CAES technology used in this hybrid plant, the waste heat from compression would 
be recovered and stored in molten salt. The geothermal heat would be utilised to 
preheat the compressed air in the discharging process of the CAES system and the 
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waste heat in molten salt will provide additional heat for low-pressure turbine. This 
hybrid CAES plant which does not consume fossil fuel is environmentally friendly. 
The rated power is around 83 MWe, the total capital cost and LCOE are $2,738/kW 
and 11.84 cents/kWh respectively (McGrail et al., 2013).  
 
 
Figure 2-13. The schematic diagram of the Yakima Minerals hybrid CAES plant 
(McGrail et al., 2013). 
 
2.4.7 Summary 
As for the aforementioned planed CAES projects, some of projects have been 
cancelled or delayed, some of projects have been under plan or construction because 
of different situations. The details of different planned CAES projects are 
summarised in Table 2-3. 
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Table 2-3. Summary of different planned CAES projects  
(Haugen, 2012; Schulte et al., 2012; Budt et al., 2016; FirstEnergy Generation 
Corp, 2009; Gaelectric, 2011; Holloway, 2016; McGrail et al., 2013). 
CAES projects 
Rated power 
(MWe) 
Reasons of cancel or termination 
Iowa 270 Limitation of geology: sandstone aquifer 
ADELE 90 Technical challenges and uncertain business conditions 
Norton 268 Delayed the construction: low electricity price and demand 
Larne 330 Under construction 
Texas 317 Under construction 
Columbia Hills 207 Under plan 
Yakima 
Minerals 
83 Under plan 
 
2.5 Performance improvement of CAES and system optimisation 
Many publications studied performance improvement and system optimisation of 
the CAES system by different methods, such as preventing heat loss during the 
CAES charging process. The round-trip efficiency of a CAES system is highly 
affected by the heat loss from the charging process or exhaust of turbines because 
these waste heat can be recovered. This section will provide an overview of the study 
on performance improvement and system optimisation to understand the process 
investigation and analysis. 
2.5.1 Methods for performance improvement and system optimisation 
There are different possible approaches for performance improvement of the CAES 
system. Najjar et al. (2006) developed a CAES system with humidification (CASH) 
system by storing compression heat in hot water to increase the power output and 
round-trip efficiency. It found that the round-trip efficiency of the CASH system is 
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about 3.9% higher than the CAES system. Yoshimoto et al. (2005) proposed a 
CAES system integrated with an advanced combined cycle and analysed the system 
performance and economic evaluation for the integrated system through modelling 
and simulation. The study investigated the optimal operation simulation of the 
integrated system in competition with the PHS system. Liu et al. (2014) proposed 
that a CAES system integrated with combined cycle system (CAES-CC), which was 
based on a conventional CAES system integrated with a steam turbine cycle by 
waste heat boiler, can recover waste heat from intercoolers and aftercooler as hot 
standby in the steam turbine to improve the flexibility of the integrated system. It 
was also found that the round-trip efficiency of the CAES-CC system is increased 
by ~10% compared with that of the conventional CAES system through process 
simulation.  
A new process of CAES system (See Figure 2-14) based on the ET11NM gas turbine 
was suggested by Alstom (Elmegaard and Brix, 2011). The process was designed 
such that the first high-pressure turbine can expand the compressed air from the 
cavern without combustion process. The difference compared with a conventional 
CAES system is that the position of first combustion burner was changed and 
installed after the low-pressure turbine. The advantage of this system is the 
mitigation of the NOx pollutions generated by the process of combustion at low 
pressure and the round-trip efficiency was around 57% (Elmegaard and Brix, 2011). 
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Figure 2-14. The schematic diagram of a CAES system by Alstom (Elmegaard and 
Brix, 2011). 
Several approaches for performance improvement and methods of avoiding the heat 
loss of the CAES system were proposed. Currently, many researchers have focused 
on the A-CAES system, because the TES implemented in the CAES system not only 
can recover the waste heat to improve the round-trip efficiency of the system, but 
also avoid utilising the fossil fuel (RWE, 2013; Barnes and Levine, 2011; Luo et al., 
2016). 
2.5.2 A-CAES system 
A thermodynamic model for the A-CAES system was developed in Mozayeni et al. 
(2017) to analyse the system performance. This study found that the pressure of 
compressed air storage cavern has a significant impact on the energy stored in the 
thermal storage and electricity generated by the turbines of the A-CAES system. It 
also found that the overall energy conversion efficiency is affected by the varying 
isentropic efficiency of the compressor and turbine (Mozayeni et al., 2017). In Guo 
et al. (2017), a thermodynamic model of an A-CAES system was developed and 
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implemented in Matlab/Simulink software. It was found that higher heat transfer 
coefficient between atmosphere and air, which lead to more compressed air in the 
cavern and more expanded air in discharging process, can improve the energy 
density of the compressed air in the storage cavern. The pressure of the cavern also 
had positive effects on the energy density, but it had no significant impacts on the 
round-trip efficiency of the A-CAES system (Guo et al., 2017).  
Luo et al. (2016) developed a mathematical model of A-CAES based on the 
condition of the Huntorf CAES plant and found that the isentropic efficiency of 
compressor and turbine, and the heat transfer rates of heat exchangers have an 
obvious influence on the round-trip efficiency of the A-CAES system. The storage 
temperature of the TES plays a significant role in the round-trip efficiency of the A-
CAES system (Budt et al., 2016; Wolf and Budt, 2014). Zhang et al. (2013) also 
investigated the effect of the TES on the round-trip efficiency of the A-CAES 
system and found that when power efficiency reaches maximum, a proportion of 
thermal energy is still remained in TES vessel and the utilisation of the thermal 
energy is influenced by the appropriate selection of pressure of cavern. Sciacovelli 
et al. (2017) developed a specific A-CAES system integrated with packed bed TES 
to improve the system performance. Also, a mathematical model of an A-CAES 
system integrated with packed beds was developed and the round-trip efficiency of 
the system can achieve more than 70% when TES efficiency rise above 90%. 
However, it found that the main heat loss is from the turbomachinery rather than 
from the packed beds (Kosi et al., 2015; Barbour et al., 2015). Additionally, Wolf 
(2011) developed an A-CAES system with a low-temperature TES, in order to avoid 
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the design of a huge packed bed TES. The efficiency range of the integrated system 
is 62-69% with the consideration of humid air effect. 
According to most of the studies on the A-CAES system through modelling and 
simulation, the round-trip efficiency can reach around 70%. Jubeh et al. (2012) 
proposed the model of A-CAES system compared with diabatic CAES systems and 
found that the round-trip efficiency of the A-CAES system can get to 74%. Barbour 
et al. (2015) announced that the round-trip efficiency of the continuous operation of 
A-CAES system using packed beds can be more than 70% through process 
simulation. A small-scale A-CAES system was designed and simulated with the 
round-trip efficiency of 72% (Grazzini and Milazzo, 2008). A planned A-CAES 
project with round-trip efficiency target of 70% was developed by ADELE. This 
project still has some challenges to overcome, the high-temperature compressor and 
the materials for TES are needed to withstand the thermal and mechanical stress 
(Budt et al., 2016; Barbour et al., 2015; Dreißigacker et al., 2013).  
However, some studies found the round-trip efficiency of the A-CAES system to be 
lower than 70%. Sciacovelli et al. (2017) analysed the dynamic performance of A-
CAES plant with packed bed TES and the round-trip efficiency of the plant is in the 
range of 60-70%  when the TES system needs to operate with the storage efficiency 
more than 90%. Hartmann et al. (2012) investigated round-trip efficiency on A-
CAES systems through a simulation study and found that the round-trip efficiency 
of a polytropic configuration is around 60% and that of an ideal isentropic 
configuration can reach 70%. Wolf and Budt (2014) suggested a low-temperature 
A-CAES system with the round-trip efficiency in the range of 52%–60%, and a brief 
economic analysis was also investigated. The round-trip efficiency of this low-
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temperature A-CAES system is lower than that of high-temperature A-CAES. 
Nevertheless, this low-temperature A-CAES system has fast start-up characteristics 
(less than 5 minutes) and a wide range of load ability (Wolf and Budt, 2014). Pickard 
et al. (2009) investigated that the round-trip efficiency was roughly 50% or better 
for a bulk A-CAES system  (1 GW day). Pickard et al. (2009) also suggested that 
the A-CAES system still have difficulties with commercialisation, because there is 
obvious inefficiency in the TES and the A-CAES has never been tested rigorously 
and its round-trip efficiency should be competitive with the commercial energy 
storage plants (e.g. the round-trip efficiency of PHS plant is around 75%). 
With regards to the round-trip efficiency of A-CAES system to be more than 70% 
in most of publications, the reasons could be some particular conditions or different 
models implemented. Actually, the charging and discharging processes, the TES 
process, other parameters or complex conditions can affect the system performance 
and yield different calculation results.  
2.5.3 ORC for performance improvement 
ORC has a beneficial impact on the energy efficiency through waste heat recovery 
(Quoilin et al., 2013; Vélez et al., 2012). Integrating an ORC with a system to 
convert waste heat into electrical energy could enable this system to achieve better 
performance (Quoilin et al., 2013; Liu et al., 2004; Bronicki et al., 1996; Kutscher, 
2001). The major advantages of the ORC include low mechanical stress, high 
efficiency of the turbine, low operation cost and long plant life (Desai and 
Bandyopadhyay, 2016). Also, Liu et al. (2013) presented that the payback time of 
some pollutant gases CO2, CH4 and NOx in the ORC for waste heat recovery life 
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cycle can be shorter, compared with the grid emission of other five types of power 
generation modes.  
ORC technology has been investigated since the 1880s, it could be implemented to 
recover low grade energy from different power systems, such as industrial waste 
heat solar energy, biomass, geothermal energy, fuel cells and ocean thermal energy 
(Tchanche et al., 2011; Vélez et al., 2012; Wang et al., 2013; Wang et al., 2013; 
Quoilin et al., 2013; Dai et al., 2009). ORC application with 0.2-2MW output power 
has been validated in several industrial plants installed in the USA, Germany, Italy, 
Netherlands, Austria and Sweden (Tchanche et al., 2011; Vélez et al., 2012). Several 
commercial ORC projects have been established in the world with the power output 
range from kW to 10MW using different working fluids and operating temperatures 
(Vélez et al., 2012; Freeman et al., 2015).  
The selection of appropriate working fluids in ORC is crucial because it can have 
significant effects on the system performance (Tchanche et al., 2011). A number of 
studies have reported that the selection of working fluids of ORC depends on the 
heat recovery applications and multiple criteria, such as low-toxicity, low-
flammability, high flash point, pressure, curve of saturation and low cost etc. (Desai 
and Bandyopadhyay, 2016; Vélez et al., 2012; Chen et al., 2010; Tchanche et al., 
2011; Man Wang et al., 2013). Pezzuolo et al. (2016) analysed different working 
fluids of ORC recovering heat from different heat sources through process 
simulation in MATLAB environment. The analysis results on different working 
fluids for an ORC integrated with solar energy were summarised in Desai et al. 
(2016). It was found that ORC plant using R113 and R245fa as working fluid has 
the very low cost and high cost of electricity, respectively. It also concluded that 
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comparing with ORC, steam Rankine cycle has higher LCOE due to the low 
isentropic efficiency of a saturated steam turbine (Pezzuolo et al., 2016). 
 
2.6 CAES system integrated with renewable energy sources 
2.6.1 CAES system integrated with wind power 
There is a problem of intermittency in renewable energy sources, such as wind and 
solar energy, it is difficult to generate a constant power output and balance supply 
and demand of the grid. In order to improve flexibility and supply smooth power 
output from renewable energy sources, wind power integrated systems were 
investigated such as wind-diesel-CAES hybrid system and CAES-Wind system 
(Sedighnejad, 2011; Ibrahim et al., 2010; Ibrahim et al., 2008). In recent years, many 
researchers focus on the CAES system integrated with wind power to overcome this 
problem because wind electricity generation has experienced a massive growth in 
many countries. The CAES system has already been considered to facilitate wind 
power and to curtail the fluctuation of wind power output (Cavallo, 2007; Krupke 
et al., 2017; Arsie et al., 2009). Elmegaard et al. (2005) and  Salgi and Lund (2008) 
evaluated a CAES plant in a region with high penetration of wind power into the 
energy market. The study investigated effects of integrating CAES with the Western 
Danish energy system, where about 20% of electricity is provided by wind farms 
and the results showed that the optimal penetration of wind power for maximum 
operation of the CAES system is approximately 55% in Denmark (Salgi and Lund, 
2008).  
Cavallo (2007) concluded that a CAES system integrated with wind power can be a 
viable strategy for the wind farm. The operation, control and management strategies 
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of CAES system integrated with wind power have been proposed using 
mathematical models (Marano et al., 2012; Kahrobaee and Asgarpoor, 2013; Hasan 
et al., 2012; Lobera and Foley, 2012; Saadat et al., 2015). As reviewed in Section 
2.1.1, Sun et al. (2015) presented a unidirectional hybrid CAES-wind turbine system 
using a scroll expander to drive the wind turbine through a mechanical transmission 
system for smoothing the wind power output. As reviewed in Section 2.1.2, Krupke 
et al. (2017) showed a bidirectional hybrid CAES-wind turbine system, a single 
stage of turbomachinery (scroll-compressor/scroll-expander) of the CAES system 
connects to the shaft of the wind turbine for smoothing the fluctuating wind power. 
However, the experimental study for the efficiency of this integrated system was 
only 37% due to the loss of massive heat. The difference between the two hybrid 
systems has been discussed in Section 2.1.2.2. Chen et al. (2016) developed a 
mathematical model of a CAES system integrated with the hydraulic wind power 
and the performance study of this integrated system was analysed by process 
simulation. It was found that a CAES system can improve the quality and stability 
of the grid, also it can maintain the stable and constant power provision at fluctuating 
wind speeds and high demand for electricity.  
Li et al. (2015) proposed a mathematical model of a CAES system integrated with 
a vertical axis wind turbine (VAWT). It was concluded that the integrated system 
with the control strategy enables the round-trip efficiency to increase by 5.21% and 
the time at the protection mode was decreased by 22 hours in four weeks. In addition, 
the integrated system can overcome the fluctuating power output from VAWT and 
generate 30kW stable power flow. Ibrahim et al. (2010) studied the CAES system 
integrated with wind-diesel hybrid systems to optimise its cost and performance. 
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The proposed design of the integrated system requires repowering of current 
facilities including an increase of power output, engine lifetime and efficiency for 
reduction of 20-25% fossil fuel consumption and greenhouse gas emissions, also 
saving the cost of system maintenance and replacement (Ibrahim et al., 2010). In 
spite of the limitation of low average wind speed in the case study, significant cost 
savings may be achieved by the implementation of the CAES system. Nonetheless, 
this study only explored the energy-based cost and does not include the energy cost 
based on the cost of investment and new facilities (e.g. wind turbines and the CAES 
system). Most of the mathematical models and simulations of CAES systems 
reported in the literature were for the system analysis at design condition. 
2.6.2 CAES system integrated with photovoltaic power 
Simpore et al. (2016) suggested an integrated system of the CAES with photovoltaic 
power to overcome the intermittency problem of photovoltaic electricity in Reunion, 
France. The limitation of this study is that the integrated system was not connected 
to the grid network due to the limitation of the location condition. A model for the 
integrated system was developed to evaluate its feasibility. The process analysis by 
simulation study on key parameters of the system was investigated and the 
simulation results including the round-trip efficiency, the load coverage ratio and 
the energies were discussed for achieving better system performance.  Marano et al. 
(2012) investigated a dynamic model for a hybrid system of a wind farm, a 
photovoltaic system and a CAES system on a daily cycle for energy, economics and 
environmental impacts. This study was also to determine the optimal management 
strategy with the target to maximise the profits and minimise the cost. It was found 
that the CAES system integrated with the power grid can improve the economic 
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viability of renewable sources. Moreover, the operating cost can be reduced by about 
80% with respect to the conventional solution and the CO2 emissions can be reduced 
by 74%. 
2.7 Economic evaluation and environmental impact 
2.7.1 Economic evaluation 
Marano et al. (2012) analysed the operating cost of the CAES system integrated 
with a wind farm and a photovoltaic plant. Economic analysis including capital cost, 
sizing of compressor and turbine, LCOE of the CAES system and also CAES system 
integrated with wind power has been investigated in the literature (Bosio and Verda, 
2015; Huang et al., 2017; Denholm and Sioshansi, 2009; Greenblatt et al., 2007; 
Mason and Archer, 2012). Safaei et al. (2013) carried out the economic evaluation 
of the distributed CAES system for different lengths of pipes from the charging 
process to the storage cavern and optimised for various gas prices and capital cost 
on the pipes. It was concluded that the distributed CAES system with a short 
distance was more economical than the conventional large-scale CAES system.  
Abbaspour et al. (2013) developed a mixed integer non-linear programming for the 
CAES system integrated with wind power on profit maximisation and cost 
minimisation scenarios in case studies., it was found that the CAES system can 
enhance 43% operational profits and reduce 6.7% total cost. However, this study 
does not consider the aspect of capital costs. Swider (2007) investigated an 
electricity market model for estimating the effects of wind electricity generation on 
the operation of the CAES system and its economic value of the investment. The 
objective of this model was to minimise the cost of the integrated system and the 
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study found that the CAES system can be economic for the large capacity of the 
wind farm in Germany. Karellas and Tzouganatos (2014) investigated a steady state 
analysis of four different micro-CAES systems (single and two-stage compression 
with and without a recuperator) from the aspects of energy and exergy efficiency 
using IPSEpro simulation software and the hydrogen energy storage system was 
dynamically simulated by the HOMER energy software. It was found that the capital 
costs of the CAES system are higher than the hydrogen storage system. However, 
the operation and maintenance costs of the hydrogen system are higher than the 
CAES system. 
2.7.2 Environmental impact 
Some investigations focused on the environmental impacts of the CAES system. 
The potential environmental benefits of implementation of the CAES system were 
evaluated, it was found that greenhouse gas emissions from PHS integrated with 
nuclear and renewable energy sources are lower than that from battery energy 
storage or CAES system. However, when integrated with the fossil fuel source 
system, the CAES system releases significantly lower greenhouse gas emissions 
than PHS or battery energy storage (Denholm and Kulcinski, 2004). Bouman et al. 
(2013; 2016) analysed the environmental impacts of CAES systems coupled with 
offshore wind power through life cycle assessment and concluded that the 
environmental impacts of the CAES systems are lower than that of conventional 
power plants. The power provided by the CAES system can only be utilised when 
the wind electricity is insufficient to meet the power demand. In Denholm et al. 
(2005), implementing the CAES system to generate additional electricity during low 
wind power can mitigate the greenhouse gas emissions to a range of 66-104g CO2-
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eq/kWh, which is less than 20% of emissions from fossil fuel systems and  the life-
cycle emission rates of NOX and SO2 can be much lower than fossil fuel systems. 
2.8 Performance criteria for CAES system 
The process performance of a power plant can be readily presented by the round-
trip efficiency which can be calculated by the ratio of power output of the power 
plant to chemical energy in the fuel consumed (Barnes and Levine, 2011). The 
CAES system is different from the conventional power plants because two different 
types of energy inputs are utilised in the system. Electricity is used to drive 
compressors during the charging period and chemical energy in the fuel combusted 
is released in the combustor during the discharging period (Elmegaard and Brix, 
2011). This situation is difficult to describe the performance of the CAES system by 
a clear and definite index, which depends on the specific application for the CAES 
system. Therefore, two performance indices including the heat rate and charging 
electricity ratio should be also considered for different energy input before 
discussing the performance index of the CAES system. 
2.8.1 Heat rate 
The heat rate (HR) is the amount of fuel consumed to generate one kilowatt-hour 
(kWh) of electricity for the CAES system. Equation (2-1) is described as (Barnes 
and Levine, 2011): 
𝐻𝑅 =
𝐸𝑓
𝐸𝑇
                                                                                                      (2-1) 
HR is a functional parameter for designing many power system. However, HR could 
be affected by the heat recovery system in the design process. The implementation 
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of a recuperator can recover the waste heat from the LPT to preheat the compressed 
air released from the cavern. The HR for the CAES system without the recuperator 
can be around 5500 to 6000 kJ/kWh lower heating value (LHV). For example, the 
HR of the Huntorf CAES plant is 5870 kJ/kWh LHV. The HR for the CAES with 
the recuperator can be around 4200 to 4500 kJ/kWh LHV. For example, the HR of 
the McIntosh CAES plant is 4330 kJ/kWh LHV. Comparing the CAES plants with 
the conventional power plants, HR of a conventional gas turbine (about 9500 
kJ/kWh LHV) could be twice higher than the CAES plant. This is because almost 
two-thirds of the power output in the conventional gas turbine will be utilised to 
drive the compressor. However, the electricity consumption in the charging process 
and the electricity generation in the discharging process of the CAES system are 
separate and independent operations. Thus, HR of the CAES system can be much 
lower than other power plants (Barnes and Levine, 2011). 
2.8.2 Charging electricity ratio 
The charging electricity ratio (CER) for the CAES system is the ratio of the power 
consumption of compressors to the power output of turbines of the CAES system. 
Equation (2-2) is described as (Barnes and Levine, 2011): 
𝐶𝐸𝑅 =
𝐸𝐶
𝐸𝑇
                                                                                                       (2-2) 
The CER could be affected by the piping and throttling losses, especially the 
compressor and turbine efficiencies. Turbine efficiency is very important for the 
LPT because most of the enthalpy drop occurs in the LPT and almost three-quarters 
of power output is generated by the LPT. The increase of turbine inlet temperature 
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can promote the efficiency of the turbine and the electrical efficiency of the CAES 
system (Barnes and Levine, 2011). 
2.8.3 Round-trip efficiency 
The CAES system is different from other power plants because two types of input 
energy are utilised in the system. Electricity is used to drive compressors during the 
charging period and chemical energy in the fuel is released into the combustor 
during the discharging period. There are two different Equations (2-3) & (2-4) to 
calculate the round-trip efficiency of the CAES system. A broad overview of these 
two methods has been described in (Budt et al., 2016; Liu et al., 2014; Elmegaard 
and Brix, 2011). 
Round-trip efficiency_1 
𝜂𝑒𝑓𝑓_1 =
𝐸𝑇
𝐸𝑐 + 𝐸𝑓 
                                                                                                (2-3) 
In equation (2-3), both input energy 𝐸𝐶 and 𝐸𝑓 are regarded as total input energy 
and this approach was commonly applied in most of the literatures (Budt et al., 2016; 
Elmegaard and Brix, 2011; Liu et al., 2014; Mohammadi et al., 2017). However, 
this equation could be still argued because the total input energy includes two 
different types of energy, electricity to drive compressors and chemical energy from 
the fuel consumed (Elmegaard and Brix, 2011; Budt et al., 2016). 
Round-trip efficiency_2 
𝜂𝑒𝑓𝑓_2 =
𝐸𝑇 
𝐸𝐶 + 𝜂𝑠𝑦𝑠 ∙ 𝐸𝑓
                                                                                     (2-4) 
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In Equation (2-4), the chemical energy contribution of fuel consumed in the 
combustors is considered due to the combustion system electric efficiency 𝜂𝑠𝑦𝑠. The 
value of 𝜂𝑠𝑦𝑠 can be determined by different gas firing conversion power systems. 
In general, the reference system for electric efficiency could be around 30% (Liu et 
al., 2014; Elmegaard and Brix, 2011). This equation can be regarded as how much 
electricity is indeed consumed in the system to generate the electricity output of the 
CAES system. 
2.9 Summary 
This chapter assessed various research aspects of the CAES system including lab 
experimental rigs and relevant studies, commercial plants and planned commercial 
projects, performance improvement and system optimisation (mainly through 
modelling and simulation), integrated system with renewable energy sources, 
economic evaluation, environmental impact and performance criteria for CAES 
system. It can be concluded by the following points: 
 The commercial CAES plants and planned commercial CAES projects were 
reviewed in this chapter. The data from commercial CAES plants and the 
Columbia Hills CAES system will be used for model development and 
validations in Chapter 3 and process analysis in Chapters 4 and 5. 
 The round-trip efficiency of a CAES system is still low due to the dissipation 
of waste heat produced from the compression process of compressors and 
exhaust waste heat of the turbine. ORC technology as one of low-grade heat 
recovery systems could be a good choice for recovering the waste heat of the 
CAES system for efficiency improvement.  
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 As for the CAES system integrated with renewable energy sources, 
especially wind power. It is necessary to study how to design and operate 
the CAES system for wind power at both design and off-design conditions 
since the wind electricity output varies all the time.  
 With regards to performance criteria for CAES system, Equation (2-3) was 
commonly applied in most of the literature, this equation using the certain 
and measurable input energy can be more persuasive for comparison in the 
round-trip efficiency of the CAES systems because most of the literature 
adopted this equation to evaluate the round-trip efficiency. Therefore, 
Equation (2-3) will be applied in this study for the round-trip efficiency of 
the CAES system.  
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3. Model Development and Model Validations 
3.1 Introduction 
In this chapter, the development of the steady-state models for the charging and 
discharging processes of the CAES system and ORC will be presented in Sections 
3.2 and 3.3 respectively. In Section 3.4, the improved models of main components 
(e.g. compressors and turbines) will be also considered and developed based on the 
characteristic curves of compressors and turbines because these components have a 
significant impact on the performance of the CAES system for wind power at design 
and off-design conditions. Therefore, this chapter will describe the methodology for 
development and validations of these models. 
3.2 Model development and validations of CAES system 
3.2.1 Model development of charging and discharging processes of CAES 
system 
The CAES model was divided into two sections: charging and discharging sections. 
The main components of the CAES system include compressors, intercoolers, 
aftercooler, recuperator, combustors and turbines. Steady-state models for the 
charging and discharging processes of the CAES system were developed and 
simulated in Aspen Plus® V8.4 with input parameters based on industrial operation 
consideration.  The compressors and turbines were simulated based on isentropic 
efficiency using Compr block in Aspen Plus®. Isentropic efficiencies and 
mechanical efficiencies of compressors and turbines were specified to improve the 
accuracy of the prediction (Luo, 2016; Canepa et al., 2013). The intercoolers and 
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aftercooler were simulated with Heater blocks, which was selected by heat transfer 
between process stream and cooling utility. The outlet temperature and pressure 
were required for implementing this block in the CAES model.  
In the discharging process, the combustor was simulated with RGibbs reactor block. 
The flow rate of air is chosen so as to ensure complete (equilibrium) combustion of 
the natural gas. The RGibbs block calculates the equilibriums by the Gibbs free 
energy minimisation thereby avoiding the complicated calculations of reaction 
stoichiometry and kinetics. This will simplify the required input parameters for the 
block. Phase equilibrium and chemical equilibrium was selected as the calculation 
option for the combustors and the required inputs were temperature and heat duty of 
the combustor. The recuperator was simulated with a HeatX block because two 
process streams for heat transfer were specified. The flow direction in the 
recuperator was chosen to be counter-current flow. The selected input parameters 
and options for exchanger specifications were design option, exchanger duty and 
minimum temperature approach. PENG-ROB (Standard Peng-Robinson cubic 
equation of state) method was implemented for the property calculation for the 
CAES model (Liu et al., 2014). Different components of the CAES system and 
corresponding blocks in Aspen Plus® has been summarised in Table 3-1. 
Table 3-1. The CAES components and corresponding blocks in Aspen Plus®. 
Components Blocks 
Compressors / Turbines Compr 
Intercoolers / Aftercooler Heater 
Combustors RGibbs 
Recuperator HeatX 
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3.2.2 Model validation of the Huntorf CAES plant 
 
Figure 3-1. A schematic diagram of the Huntorf CAES system (Elmegaard and 
Brix, 2011). 
The plant data used for the Huntorf CAES model validation was obtained from 
Crotigino et al. (2001), Liu et al. (2014) and Hoffein (1994). The flowsheet of the 
Huntorf CAES system is shown in Figure 3-1. Table 3-2 gives the input process 
conditions and parameters for the Huntorf CAES plant model. 
In Table 3-3, the simulation results were compared with the Huntorf CAES plant 
data (Hoffeins, 1994). The results show that relative errors are 1.72% and 3.05%. 
However, only two variables (e.g. consumption power of compressors and output 
power of turbines) were compared with simulation results due to lack of detailed 
data in the literatures (Crotogino et al., 2001; Hoffeins, 1994; Liu et al., 2014; Kaiser, 
2015; Elmegaard and Brix, 2011). 
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Table 3-2. Input process conditions and parameters for the Huntorf CAES plant 
(Crotogino et al., 2001; Liu et al., 2014; Hoffeins, 1994). 
Stream 
Numbers 
Process Conditions 
Process Point 
Description 
Pressure 
(bar) 
Temperature 
(˚C) 
Flowrate 
(kg/s) 
1 Ambient conditions 1.013 10 108 
2 Outlet 1st compressor 6  108 
3 Outlet 2nd compressor 46  108 
4 
Aftercooler outlet / 
Cavern inlet 
46 50 108 
5 Throttle outlet 42  417 
6 Inlet 1st turbine 42 550 417 
7 Inlet 2nd turbine 11 825 417 
8 Outlet 2nd turbine 1.13  417 
 
 Compressor isentropic efficiency 75%* 
 Turbine isentropic efficiency 85%* 
* The efficiencies were calculated regressively from the dataset by the author 
 
Table 3-3. Comparison between simulation results and the data of the Huntorf 
CAES plant. 
Variables 
Plant Data 
(Hoffeins, 1994) 
Simulation 
Results 
Relative 
Errors (%) 
Consumption Power of 
Compressors (MW) 
60 61.03 1.72 
Output Power of Turbines (MW) 290 298.84 3.05 
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3.2.3 Model comparison of the Columbia Hills CAES plant 
 
Figure 3-2. The schematic diagram of the Columbia Hills CAES plant (McGrail et 
al., 2013). 
The flowsheet and simulation data of the Columbia Hills CAES plant were obtained 
from a technical report by PNNL (McGrail et al., 2013). Figure 3-2 shows the 
process configuration of the Columbia Hills CAES plant. The main difference 
between the Columbia Hills CAES system and the Huntorf CAES system is a 
recuperator which can recover the heat from the exhaust of the turbine for preheating 
compressed air. The charging process of the Columbia Hills CAES plant is 
implemented with a multi-stage centrifugal compressor with six intercooled stages 
(McGrail et al., 2013). Using intercooled centrifugal compression stages can reduce 
the gross energy demand of the machine and therefore improves efficiency. 
However, this increases the capital cost when compared to the Huntorf CAES plant. 
The simulation results will be compared with the data from literature (McGrail et 
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al., 2013). Table 3-4 gives the input process conditions and parameters of the 
Columbia Hills CAES plant. 
Table 3-4. Input process conditions and parameters of the Columbia Hills CAES 
plant (McGrail et al., 2013). 
Stream 
Numbers 
Process Conditions 
Process parameters 
Pressure 
(bar) 
Temperature 
(˚C) 
Flowrate 
(kg/s) 
1 Ambient conditions 1.03 15 353 
2 Aftercooler exit / Cavern inlet 115.65  353 
3 Throttle outlet 35.78 40.56 189 
11 Inlet natural gas of 1st combustor 44.82 32.22 0.527 
12 Inlet natural gas of 2nd combustor 24.13 32.22 4.111 
6 
Inlet 1st turbine/Outlet of 1st 
combustor 
34.40   
7 Outlet 1st turbine 18.27   
8 
Inlet 2nd turbine/Outlet 2nd 
combustor 
17.93   
9 Outlet 2nd turbine 1.03   
5 Heat duty of recuperator (MW) 105.51   
 
 Air charging time (Hours) 3 
 Compressed air discharging time (Hours) 6 
 Pressure ratio of the compressor 1.96177* 
 Compressor isentropic efficiency 75%* 
 Turbine isentropic efficiency 93%* 
* The pressure ratio and efficiencies were calculated regressively from the dataset by the author 
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In Table 3-5, the process simulation results are compared with the literature data. 
The results showed that the relative errors are less than 0.7% except for the error 
prediction of exhaust temperature of the recuperator which is 4.64%. 
Table 3-5. Simulation results compared with literature data from Columbia Hills 
CAES plant. 
Stream 
Number 
Parameters / Variables 
Literature Data 
(McGrail et al., 
2013) 
Simulation 
Results 
Relative 
Errors 
(%) 
2 
Temperature of Aftercooler exit / 
Cavern inlet (˚C) 
40.56 40.56 0.00 
4 
Cold stream outlet temperature of 
recuperator (˚C) 
562.78 560.12 0.47 
6 
Temperature of inlet 1st turbine / outlet 
of 1st combustor (˚C) 
676.67 673.89 0.41 
7 Temperature of outlet 1st turbine (˚C) 546.11 544.02 0.38 
8 
Temperature of inlet 2nd turbine / outlet 
2nd combustor (˚C) 
1331.67 1330.65 0.08 
9 Temperature of outlet 2nd turbine (˚C) 601.72 605.15 0.57 
10 Exhaust temperature of recuperator (˚C) 115.56 120.92 4.64 
 
Consumption Power of Compressors 
(MW) 
228.67 230.22 0.68 
 Output Power of Turbines (MW) 205.39 205.76 0.18 
 
3.3 Model development and validation of ORC 
3.3.1 Process description of ORC 
ORC works on the principle of using an organic fluid with a boiling point less than 
that of water as the working fluid. Recovering low-grade waste heat ( T<370˚C ) 
from other systems by integrating ORC can improve the performance of the entire 
system (Quoilin et al., 2013; Liu et al., 2004; Bronicki et al., 1996; Kutscher, 2001).  
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Figure 3-3. A schematic diagram of an ORC (Aneke et al., 2011). 
The main components of an ORC as shown in Figure 3-3 include evaporator, 
expander, condenser and pump. The working fluid leaving the condenser is 
compressed by a pumped back to the evaporator for recovering waste heat. The 
working fluid will be evaporated. The evaporated vapour passes into the expander 
to generate electricity by rotating the shaft, which is connected to the generator. 
Finally, the exhaust from the expander will be condensed from vapour to liquid in 
the condenser using cooling water (Wang et al., 2013). 
3.3.2 Model development of ORC 
The modelled components of the ORC include pump, evaporator, expander and 
condenser. The pump was simulated with Pump block in Aspen Plus® and discharge 
pressure was supplied as an input parameter. The expander was simulated as 
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isentropic turbines using Compr block. The requirement for this block is the same 
as the compressor or turbine in the CAES model. The evaporator and condenser 
were simulated with HeatX block which is the same as the requirement of the 
recuperator in the CAES model. The flow direction and input parameters 
specification type were chosen to be countercurrent and design respectively. 
Minimum temperature approach was specified as an input parameter for both the 
evaporator and the condenser. Different components of the ORC and corresponding 
blocks in Aspen Plus® have been summarised in Table 3-6. 
 
Table 3-6. Summary of components of the ORC and corresponding blocks in 
Aspen Plus®. 
Components Blocks in Aspen Plus® 
Pump Pump 
Expander Compr 
Evaporator / Condenser HeatX 
 
3.3.3 Model validation of ORC 
The flowsheet (refer to Figure 3-3) and plant data for validation of the ORC model 
were obtained from the Chena Geothermal Power Plant (Aneke et al., 2011). The 
organic working fluid of the ORC is R134a (1,1,1,2-tetrafluoroethane). It is a 
common refrigerant implemented in a wide range of refrigeration and air 
conditioning applications, including medium and high-temperature refrigeration and 
industrial applications (‘R134a’). Table 3-7 gives the input process conditions and 
parameters of ORC. 
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Table 3-7. Input process conditions and parameters of ORC (Aneke et al., 2011). 
Parameters / Variables Plant Data 
Hot stream inlet mass flowrate (kg/s) 33.39 
Hot stream inlet temperature (˚C) 73.33 
R134a mass flowrate (kg/s) 12.17 
Cooling water inlet mass flowrate (kg/s) 101.68 
Cooling water inlet temperature (˚C) 4.44 
Turbine inlet / outlet pressure (bar) 16.00 / 4.00 
Pump efficiency 90% 
Expander efficiency 80% 
 
Table 3-8. Simulation results compared with ORC data from the Chena 
Geothermal Power Plant. 
Parameters / Variables 
Literature data 
(Aneke et al., 2011) 
Simulation 
results 
Relative 
Errors (%) 
Hot stream outlet temperature 
(˚C) 
54.44 55.27 1.52 
Cooling water outlet 
temperature (˚C) 
10.00 9.82 1.80 
Output power of Expander 
(kW) 
250.00 252.56 1.02 
Evaporator heat transfer rate 
(kW) 
2580.00 2735.33 6.02 
Condenser heat transfer rate 
(kW) 
2360.00 2482.32 5.18 
 
The simulation results were compared with the plant data for model validation as 
shown in Table 3-8. All the relative errors were less than 6.02% and the simulation 
results matched the real plant data. 
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3.4 Development of improved models for compressors, turbines 
and cavern of CAES system and model validations 
When the CAES system is applied for wind power, the compressors and turbines of 
the CAES system cannot always operate at design condition due to the fluctuating 
wind power output. Therefore, it is necessary to develop the improved models for 
compressors and turbines based on their characteristic curves in order to analyse the 
off-design conditions of the CAES system in the context of wind power. 
3.4.1 Characteristic curves for compressors and turbines 
Figures 3-4 and 3-5 indicate the characteristic curves for the compressors and the 
turbines of the CAES system (Briola et al., 2016). They will be used to obtain their 
corresponding performance at different operating points for model development and 
process simulation. Figures 3-4 (a) and (b) present the characteristic curves of the 
LPC (the axial compressor) and HPC (the centrifuge compressors), and show the 
relationship between mass flow rate and pressure ratio at different shaft speeds. 
Figures 3-5 (a) and (b) present the characteristic curves of the LPT and HPT, and 
the relationship between the pressure ratio and the mass flow rate at different turbine 
speeds.  
Different shaft speeds of the compressors or the turbines were normalised as the 
different dimensionless velocities. For example, when the dimensionless velocity 
equals 1 (v = 1), the CAES system will operate at design shaft speed. When the 
dimensionless velocity is above or below 1 (v > 1 or v < 1), the CAES system will 
operate at off-design shaft speeds. The optimal efficiency lines in Figures 3-4 and 
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3-5 show the optimal efficiencies operated at different shaft speeds for the 
compressors and turbines of the CAES system. 
 
 
 
 
Figure 3-4. Characteristics curves of  (a) LPC and (b) HPC of the CAES system 
(Briola et al., 2016). 
(a) 
(b) 
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            (a) 
 
 
           (b) 
Figure 3-5. Characteristics curves of (a) LPT and (b) HPT of the CAES system 
(Briola et al., 2016). 
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3.4.2 Development of improved models for compressors and turbines 
The performance characteristic curves of the compressors shown in Figure 3-4 and 
the turbines shown in Figure 3-5 were used to obtain their corresponding 
performance at different operating points. These operation points from performance 
curves were entered into the Aspen Plus® models of the compressors and turbines 
to simulate their off-design performance through Performance Rating. As for the 
compressor models, there are several characteristic curves at different shaft speeds 
for two types of compressors in Figure 3-4, The parameters including pressure ratio 
and mass flowrate were chosen in the Performance and Flow Variables. The data at 
different operating points can be filled in the curve data. As for the turbine models, 
there are four characteristic curves at different shaft speeds for the two turbines in 
Figure 3-5. The procedures of model development for the turbines is almost the same 
as that of the compressor. As for the optimal efficiency operated at off-design 
conditions, the model of the optimal efficiency for different shaft speed curves can 
be developed in Fortran which can be connected to the Aspen Plus®. The results will 
be carried out by Fortran calculator and used for the Aspen Plus® model. 
3.4.3 Model validations for compressors and turbines of the CAES system 
The data of the reference CAES system used for model validation was from Briola 
et al. (2016). The flowsheet of the CAES plant is shown in Figure 3-6. The reference 
CAES system conditions (r), simulation results (s) and the relative errors (re) for 
the compressors and turbines of the CAES system have been summarised in Tables 
3-9, 3-10 and 3-11. 
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Figure 3-6. The schematic diagram of the CAES system (Briola et al., 2016). 
In Tables 3-9, 3-10 and 3-11, the simulation results for the compressors and turbines 
were compared with the reference CAES system condition. The results from process 
simulation showed that all of the relative errors are less than 2.3% with a good 
agreement.  
Table 3-9. The reference conditions (r), simulation results (s) and relative errors 
(re) for LPC. 
  LPC 
 Variables Stream No. r 
Input 
parameters 
Pin (bar) 1 1 
Tin (K) 1 283 
m (kg/s) 1 108 
Pressure ratio  5.9 
Results 
Pout (bar) 
Stream No. r s re 
2 5.9 5.9 0.0% 
Power 
consumption 
(MW) 
Power consumption of LPC 
r s re 
23.8 24.37 2.3% 
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Table 3-10. The reference conditions (r), simulation results (s) and relative errors 
(re) for HPC. 
  HPC 1 HPC 2 HPC 3 
 Variables SN* r SN r SN r 
Input 
parameters 
Pin (bar) 3 5.8 5 13.1 7 30.7 
Tin (K) 3 323 5 323 7 323 
m (kg/s) 3 108 5 108 7 108 
Pressure 
ratio 
 2.35  2.37  2.37 
Results 
Pout (bar) 
SN r s re SN r s re SN r s re 
4 13.3 13.6 2.2% 6 31.2 31.3 0.03% 8 72 72.8 1.1% 
Power 
consumption 
(MW) 
The total power consumption of HPC 1-3 
r s re 
35.6 34.93 1.9% 
* SN: Stream Number 
 
Table 3-11. The reference conditions (r), simulation results (s) and relative errors 
(re) for HPT and LPT. 
  HPT LPT 
 Variables SN r SN r 
Input 
parameters 
Pin (bar) 12 43 14 11.3 
Tin (K) 12 823 14 1098 
m (kg/s) 12 410 14 410 
Pout (bar) 13 11.5 15 1 
Results 
Tout (K) 
SN r s re SN r s re 
13 624 626 0.3% 15 673 681 1.17% 
Power output 
(MW) 
The power output of HPT The power output of LPT 
r s re r s re 
90 89.24 0.85% 200 201.19 0.59% 
 
89 
 
3.4.4 Pseudo-dynamic model for cavern of CAES system 
The model of the cavern was developed in Excel as a pseudo-dynamic model (refer 
to Equation 3-1) based on the Ideal Gas Law (PV= nRT) (Poling et al., 2001).  
𝑃𝑉 =
𝑚𝐴𝑖𝑟
𝑀𝐴𝑖𝑟
∙ 𝑅𝑇                                                                                               (3-1) 
A dynamic process varies with time with considerable change in terms of value. A 
pseudo-dynamic process is also time dependent but change is slow (e.g. the pressure 
of cavern was changed hourly). The pseudo-dynamic approach enables approximate 
simulation of various dynamics in accordance with their actual timescales, the 
accuracy and practicality will be improved (Nakashima et al., 1992). In Figure 3-7, 
assuming the cavern pressure changes hourly in this study. During the charging 
period, the pressure of the cavern will increase with increasing mass of the 
compressed air injected into the cavern. On the contrary, the pressure of the cavern 
will decrease when the compressed air expanded during the discharging period. 
 
Figure 3-7. The pressure condition of the carven during charging and discharging 
processes of the CAES system for wind power. 
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As for the cavern model, during the charging period, the cavern pressure was 
updated hourly in Excel according to the mass flowrate of the incoming compressed 
air. Similarly, during the discharging period, the cavern pressure was also changed 
hourly according to the air mass flowrate to out of cavern. 
It is noted that modelling of the cavern was assumed to follow the Ideal Gas Law 
which relates pressure, temperature, and volume of the ideal gas. However, the Ideal 
Gas Law is accurate only at relatively low pressures and high temperatures. To 
account for deviation from the ideal situation, another factor called the gas 
compressibility factor need to be considered. Therefore, the Non-Ideal Gas Law 
could become: PV = Z·nRT (Z is the gas compressibility factor, n is number of 
moles of gas present) (The Engineering Toolbox, 2018).  
Table 3-12. Compressibility factor for air (The Engineering Toolbox, 2018). 
 
In this study, the regular operating pressure of the cavern is between 43bar and 66bar 
and the temperature of the compressed air in the cavern is assumed constant at 50˚C 
(323.15K). From summary of compressibility factor for air in Table 3-12, it was 
found that there is no much influence on the compressibility factor of the air between 
40bar and 70bar at constant temperature of 50˚C (323.15K), the compressibility 
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factors of the air are approximately 0.998 (40bar) and 1.000 (70bar) at 325K. 
Therefore, modelling compressed air in the cavern model can be based on the ideal 
gas in this thesis. 
 
3.5 Improved model of the CAES system for wind power 
The improved models for the compressors and turbines were developed based on 
the characteristic curves in Figures 3-4 and 3-5 in Section 3.4.1 and the details have 
been described in Section 3.4.2. The model is capable of predicting the components’ 
performance of the CAES system at the design and off-design conditions. The model 
of the cavern was developed in Excel and the specific description for the model 
development of the cavern has been given in Section 3.4.4. The models of other 
components (e.g. combustors, recuperator, intercoolers and aftercooler) of the 
CAES system are same as the model development of charging and discharging 
processes of the CAES system in Section 3.2.1. 
 
3.6 Conclusions 
In this chapter, the models developed in Aspen Plus® for the CAES system, ORC 
and main components (e.g. compressors and turbines) and model validations were 
carried out with input parameters based on industrial operation considerations. The 
main conclusions for this chapter are summarised as follows: 
 The steady-state models for the charging and discharging processes of the 
CAES system were developed in Aspen Plus®. The model validations based 
on the Huntorf CAES plant and model comparison based on the Columbia 
Hills CAES plant were carried out successfully. 
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 The working principle of ORC was described and the steady-state model for 
ORC was developed in Aspen Plus®. The model validation for ORC was 
also presented based on the real plant flowsheet and data. 
 The improved models for compressors and turbines developed based on the 
characteristic curves and model validations were carried out. The pseudo-
dynamic model for the cavern was developed in the Excel. 
 The improved model for the CAES system based on the improved models of 
the compressors, turbines and cavern was developed. This improved model 
of the CAES system will be used in Chapter 5 for the process analysis of the 
CAES system in the context of the fluctuating wind power output at design 
and off-design conditions
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4. Technical Performance Analysis of a CAES System 
Integrated with ORC 
4.1 Introduction 
With regards to waste heat from charging and discharging processes in the CAES 
system, the temperatures of intercoolers (around 95 to 130˚C), aftercooler (around 
130 ˚C) and exhaust from recuperator (around 121 ˚C)  are high enough to be 
recovered for power generation using an ORC. The CAES system integrated with 
ORC for waste heat recovery will also improve the round-trip efficiency of the 
CAES system. Therefore, the integration of the ORC to recover waste heat from the 
charging and discharging processes of the CAES system is investigated and 
analysed through process simulation for improving system performance. In this 
chapter, the electricity is assumed to take from electricity grid at off-peak time and 
electricity generated by the CAES system integrated with ORC will be supplied to 
the electricity grid at peak time. 
4.2 Process description 
4.2.1 Process description of the CAES system integrated with ORC for waste 
heat recovery 
The schematic diagram of the proposed CAES system integrated with the ORC is 
shown in Figure 4-1. The organic working fluid of the ORC has two flow path 
options for heat recovery in the integrated system because charging and discharging 
operations do not occur simultaneously. During the charging operation of the CAES 
system in off-peak period, the organic working fluid in the ORC will flow through
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Figure 4-1. The schematic diagram of the CAES system integrated with 
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the valve V1 to recover waste heat from the intercoolers and aftercooler of the 
compressors to generate electricity to reduce the electrical energy taken from the 
electricity grid for driving the compressors. During the discharging operation of the 
CAES system in the peak period, the organic working fluid will flow through the 
valve V2 to recover waste heat from the exhaust gas leaving the recuperator to 
generate more electricity for the improvement of system performance. Therefore, an 
ORC integrated with the CAES system can recover waste heat during both charging 
and discharge operations. This can improve the efficiency as well as reduce the 
operating cost of the system. Similar as Columbia Hills CAES system from the 
PNNL technical report, 3 hours per day of the charging operation and 6 hours per 
day of the discharging operation were specified in this study (McGrail et al., 2013). 
4.2.2 Integration of the CAES system with ORC  
With regards to the successful operation of a commercial size system, the design 
and operating procedures are based on experimentation, process simulation and 
demonstration with a small-scale operation (Sulaiman, 2018). The scale-up for the 
large-scale chemical process system is very important and need to be considered. It 
was noticed that the volume of the initial state of air is huge before compressed by 
the compressors due to the large mass flowrate of the air (353 kg/s). The volume of 
the initial state of the air exceeds the volume of the compressors from industrial 
mechanism and manufacturer. Therefore, there will be three compressors for LPC, 
two compressors for HPC1 in real applications, although the schematic diagram 
(refer to Figure 4-1) shows only one compressor for LPC or HPC1. There is only 
one compressor for HPC2-HPC6 respectively because the volume of compressed air 
has been reduced after air compression by LPC and HPC1. 
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An ORC would have different operating points during charging and discharging 
operations because of the different flow rates, operating pressures and temperatures. 
This will affect the design of the ORC components, especially the ORC expander.  
Hence, there will be two ORC expanders in real applications, although the process 
diagram (refer to Figure 4-1) shows only one ORC expander. Two expanders will 
be engaged during the charging operation period. However, one of the expanders 
will be withdrawn during the discharging operation because the recovered waste 
heat during the discharging period is less than that during the charging period.  
All of the components of the CAES system integrated with ORC are also taken into 
consideration for the economic evaluation of the integrated system in Chapter 6. The 
APEA will be used to evaluate each of the components of the integrated system 
depended on the database from the real industrial plants and manufacturers. 
4.2.3 Saturation curves and operating point of ORC 
In conventional steam Rankine cycle, water is used as the working fluid is used to 
recover waste heat. However, the temperature of waste heat could not be high 
enough to superheat water. When outlet stream of the steam expander contains more 
than 15% saturated liquid, this could damage expander blades and reduce the 
efficiency of the expander (Desai and Bandyopadhyay, 2009). The dry organic 
working fluid (e.g. R123 and R134a) does not have this problem because the dry 
organic working fluid does not need to be superheated and the outlet stream of the 
ORC expander can be always saturated vapour. The wet organic working fluids (e.g. 
R717 and water ) could require superheating (Desai and Bandyopadhyay, 2009; 
Vélez et al., 2012; Tchanche et al., 2011; Escalante et al., 2017). Figure 4-2 shows 
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the Temperature-Entropy (T-s) diagram of ORC which includes the following 
processes: 
1-2: pressure increase in the compression process by the pump; 
2-3-4: heat absorption process in the vapour evaporator; 
4-5: expansion process through ORC expander; 
5-6-1: heat rejection process in the condenser. 
 
Figure 4-2. The T-s diagram of ORC. 
The thermo-physical properties of these refrigerants should be considered because 
the ORC working fluids have a significant impact on the ORC performance (Wang 
et al., 2013). Also, different working fluids have different operating points in the 
ORC. For example, Figure 4-3 illustrates the Pressure-Enthalpy (P-h) diagram for 
ORC working fluid R123. When using R123 as ORC working fluid to recover waste 
heat from a CAES system, all of the pressure operating points should be at or within 
the region of the curve (the red line) because the left side of the curve stands for the 
saturated liquid state of R123, the right side of the curve stands for the saturated 
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vapour state of R123 (ASHRAE, 2014). Especially, the operating pressure of 
working fluid should be significantly considered. The operating pressure can be 
estimated and chosen by the temperature of working fluid heated by the evaporator. 
It is noticed that the maximum operating pressure cannot exceed the pressure of the 
highest operating point because the pressure at the highest operating point is the 
critical pressure of the ORC working fluid. 
 
Figure 4-3. The P-h diagram for ORC working fluid (e.g. R123) (ASHRAE, 2014). 
 
4.3 Round-trip efficiency of the integrated system 
Based on equation (2-3), the general round-trip efficiency of the integrated system 
of the CAES system with the ORC can be described as: 
𝜂𝐶𝐴𝐸𝑆+𝑂𝑅𝐶
′ =
𝐸𝑇 + 𝐸𝑂𝑅𝐶_1 + 𝐸𝑂𝑅𝐶_2
𝐸𝑓  + 𝐸𝐶+ 𝐸𝑝_1 + 𝐸𝑝_2 
                                                                (4-1) 
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Where, 
𝐸𝑂𝑅𝐶_1 = Power output of ORC during the charging period of the CAES system 
(kWh) 
𝐸𝑂𝑅𝐶_2 = Power output of ORC during the discharging period (kWh) 
𝐸𝑝_1 = Power consumption of ORC pump during the charging period (kWh) 
𝐸𝑝_2 = Power consumption of ORC pump during the discharging period (kWh) 
 
However, the power output 𝐸𝑂𝑅𝐶_1 of the ORC during charging operation aims for 
reducing the electrical energy taken from the grid 𝐸𝐶  for driving the compressors 
because charging operation occur in the off-peak time period. Therefore, converting 
Equation (4-1) to Equation (4-2) could be more accurate and acceptable for the 
round-trip efficiency of the integrated system based on reducing the electricity taken 
from the grid. Equation (4-2) can be written as: 
𝜂𝐶𝐴𝐸𝑆+𝑂𝑅𝐶 =
𝐸𝑇 + 𝐸𝑂𝑅𝐶_2
𝐸𝑓  + (𝐸𝐶 − 𝐸𝑂𝑅𝐶_1) + 𝐸𝑝_1 + 𝐸𝑝_2 
                                                (4-2) 
Thus, the equation (4-2) will be used for the round-trip efficiency of the CAES 
system integrated with ORC in the following calculations. 
 
4.4 Process analysis and technical performance evaluation of the 
integrated system 
This section will discuss and analyse the effects of different ORC working fluids 
and expander inlet pressure (EIP) on the system performance. Some assumptions 
for the analysis of the proposed integrated system are: 
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 The fuel used in the CAES discharging process was assumed to be 100 
vol% methane. 
 The pressure drops of all the components were ignored. 
 The temperature of condenser cooling water was assumed to be 10˚C. 
 The working fluid at the outlet of the condenser was saturated liquid and 
the temperature was around 20˚C. 
 The exhaust gas at the outlet of evaporator during the discharging period 
is 100% vapour fraction. 
 The isentropic efficiencies of the ORC expander and pump were 
assumed to be 93% and 90% respectively (Aneke et al., 2011; Cen et al., 
2009). 
 The minimum temperature approaches of ORC evaporators (intercoolers 
and aftercooler) and condensers were assumed to be 3˚C (British 
Refrigeration Association, 2009; Tartière et al., 2013; ACRG, 2005; El-
Wakil, 1984).  
 
4.4.1 Effects of the ORC organic working fluids 
Selection of the working fluid is important for improving the performance of the 
ORC (Wang et al., 2013; Tchanche et al., 2011; Quoilin et al., 2013; Desai and 
Bandyopadhyay, 2016). Different working fluids would have different impacts on 
the power output and the round-trip efficiency. Therefore, it is essential to 
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investigate the effects of different organic working fluids on the ORC power output 
and the round-trip efficiency of the integrated system.  
For this case study, the performance of the following ORC working fluids in the 
ORC will be compared: R123 (2, 2-dichloro-1, 1, 1-trifluoroethane), R134a (1, 1, 1, 
2-tetrafluoroethane), R152a (1, 1-difluoroethane), R245fa (1, 1, 1, 3, 3-
pentafluoropropane) and R600a (isobutene). The thermo-physical properties of 
these refrigerants listed in Table 4-1 are calculated by REFROP V9.1. The input 
conditions for the CAES system were shown in Table 3-4 of Section 3.2.3.  
 
Table 4-1. Thermo-physical properties of different working fluids for ORC. 
Working 
fluids 
Molecular 
Mass 
(kg/kmol) 
Boiling 
Point (˚C) 
Critical 
Pressure 
(bar) 
Critical 
Temperature 
(˚C) 
R123 152.93 27.82 36.62 183.68 
R134a 102.03 -26.07 40.60 101.06 
R152a 66.05 -24.02 45.17 113.26 
R245fa 134.05 15.14 36.51 154.01 
R600a 58.12 -11.75 36.29 134.66 
 
Table 4-2 presents the simulation results of the integrated systems using different 
organic working fluids in the ORC. From the results in Table 4-2, R123 gives the 
highest ORC power output in both charging and discharging operations of the CAES 
system because the higher critical temperature of the working fluid could improve 
the system performance (Quoilin et al., 2013; Liu et al., 2004). A high critical 
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temperature also could result in low vapour densities, this can lead to the high cost. 
The results showed that there are significant differences in ORC expander inlet 
pressure (EIP) for different ORC working fluids, the effect of the EIP on the system 
performance will be discussed in section 4.4.2.  
 
Table 4-2. Simulation results of the integrated system using different ORC 
working fluids. 
 R600a R245fa R152a 
Variables Charging Discharging Charging Discharging Charging Discharging 
EIP* (bar) 17.40 24.60 10.70 18.40 30.90 45.10 
EIT* (˚C) 92.90 111.58 92.93 117.79 93.14 113.17 
Mass flow 
rate (kg/s) 
515.26 36.53 883.83 61.49 689.24 58.90 
EORC_1   
(MW) 
33.25  33.24  33.97  
EORC_2  
(MW) 
 2.78  2.89  2.72 
* EIP and EIT are ORC expander inlet pressure and temperature respectively. 
 R134a R123 
Variables Charging Discharging Charging Discharging 
EIP* (bar) 34.70 40.00 6.71 11.50 
EIT* (˚C) 93.07 100.31 93.19 117.85 
Mass flow rate 
(kg/s) 
1092.51 86.99 1006.80 69.76 
EORC_1  
(MW) 
32.49  34.36  
EORC_2  
(MW) 
 2.42  3.01 
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Figure 4-4 presents round-trip efficiencies of the standalone CAES system and the 
integrated system using different ORC working fluids. The round-trip efficiency of 
the CAES system without the ORC was 59.29% calculated by Equation (2-3). 
Round-trip efficiencies of the integrated system using different working fluids were 
62.95% (R600a), 63.07% (R245a), 62.91% (R152a), 62.61% (R134a) and 63.24% 
(R123) respectively, which were calculated by Equation (4-2). It is evident from Fig. 
4-4 that round-trip efficiencies of the integrated system using different working 
fluids increased by 3.32-3.95% when integrating with the ORC. Therefore, 
integrating the ORC with the CAES system as well as selecting appropriate working 
fluid is a reasonable approach to improve the performance of the CAES system. 
 
 
Figure 4-4. Round-trip efficiency of the standalone CAES system and the 
integrated system using different ORC working fluids. 
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When applying the ORC to recover waste heat from the CAES system to generate 
extra electricity for performance improvement of the integrated system, the original 
amount of electricity generated by the standalone CAES system would not be 
affected in the integrated system. Thus, the 3.32% - 3.95% efficiency improvement 
reported for the integrated system is from the waste heat recovery using ORC. For 
example, 3.95% efficiency increase (using R123 as the ORC working fluid) means 
the integrated system will generate 37.37 MW electricity, which is much more than 
that of the standalone CAES system. 
 
4.4.2 Effects of expander inlet pressure (EIP) of the ORC 
The EIP of the ORC should be considered since the pressure ratio of the expander 
will significantly affect the output power of the ORC. Therefore, it is essential to 
investigate the relationships of EIP of different working fluids and the ORC power 
output during charging and discharging periods.  
The input conditions were same as Section 4.4.1. Figure 4-5 indicates the variation 
of the ORC net power output with the EIP during (a) charging and (b) discharging 
processes. An increase in the EIP leads to the increase of ORC power output using 
these five different working fluids. This is because with the fixed expander outlet 
pressure, a higher EIP will mean a higher pressure ratio of the expander leading to 
a larger enthalpy drop through the expander.
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Figure 4-5. Effect of EIP on ORC net power output during (a) charging and (b) 
discharging processes of the CAES system. 
(b) 
(a) 
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Figure 4-6. Effect of EIP on the round-trip efficiency of the integrated system 
during (a) charging and (b) discharging processes. 
 
(a) 
(b) 
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Figure 4-6 presents the variation of the round-trip efficiency of the integrated system 
with the EIP of the ORC during charging and discharging processes. A higher EIP 
will lead to an increase in the ORC net power output. The Round-trip efficiencies 
of both Figure 4-6 (a) and (b) were calculated by Equation (4-2). The Round-trip 
efficiencies in Figure 4-6 (a) were calculated by varying the EIP of the expander 
during the charging process while the EIP of the expander during the discharging 
process was fixed at the best operating point. Conversely, the round-trip efficiencies 
in Figure 4-6 (b) were calculated by varying the EIP of the expander during 
discharging process while the EIP of the expander during charging process was fixed 
at the best operating point.
From the results of Figure 4-5, the EIP of using R134a and R152a as ORC working 
fluids servicing to discharging operation of the CAES system could be not 
appropriate because the EIP of using them implemented to achieve the best net 
power output has already reached their critical pressures (refer to Table 4-1). R123 
as the ORC working fluid can generate the highest net power output with the lowest 
EIP, but the flow rate is not low (refer to Table 4-2) which could lead to the increase 
of capital cost. Therefore, selecting an appropriate working fluid considers 
efficiency and safe operation frequently, economic evaluation is also an important 
factor for power plants. The Chapter 6 will investigate economic evaluation of the 
integrated system using different ORC working fluids. 
 
4.5 Conclusions 
As for the CAES system integrated with the ORC in this study, the steady-state 
process model of the proposed CAES system integrated with the ORC developed in 
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Chapter 3 was used for process analysis. The technical evaluation was carried out 
for the effects of different working fluids in the ORC. The main conclusions are 
summarised as follows: 
 The power output and operating temperature of working fluids increase with 
the operating pressure, the ORC performance is also improved. 
 The round-trip efficiency of the CAES system integrated with the ORC has 
been improved approximately by 3.32-3.95% with different working fluids 
in the ORC when compared with the CAES system without the ORC.  
 R123 as the ORC working fluid has the best performance with a lower 
expander inlet pressure. 
In summary, the CAES system integrated with the ORC as an energy storage 
technology will not only address the intermittent issue but also could decrease the 
electricity price for renewable energy to improve their overall economic 
competitiveness. The economic evaluation of the CAES system integrated with 
ORC using different ORC working fluids will be investigated in Chapter 6.
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5. Performance Investigation of CAES System for Wind 
Power at Design and Off-design Conditions 
5.1 Introduction 
In this chapter, the process description and operation strategies of the CAES system 
integrated with wind power are presented. The type selection of main components 
including the compressor and turbine will be considered for the CAES system. The 
improved models for compressors, turbines and CAES system developed in Chapter 
3 will be used for process analysis in this chapter. Performance analysis of the CAES 
system in the context of wind power at design and off-design conditions will be 
investigated, also two different modes (e.g. constant and variable shaft speed modes) 
at off-design conditions will be compared with design conditions of the CAES 
system. The models for wind farm and components between the CAES system and 
wind turbines are not included and this chapter only studies the standalone CAES 
system for wind power, the ORC is also not included. 
5.2 Process description and operation strategies for the CAES 
system integrated with wind power  
5.2.1 Process description of the CAES system integrated with wind power 
The integrated system (as shown in Figure 5-1) includes wind turbines, a CAES 
system and the electricity grid. Under normal circumstance, the wind farm will 
transmit all the electric power generated directly to the grid. However, if the wind 
power output is more than the grid demand, the excess electricity can be utilised to 
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drive the compressors for compressing air in the charging process of the CAES 
system. The compressed air is injected into an underground cavern at high pressure.  
 
Figure 5-1. The schematic diagram of the CAES system integrated with wind 
turbines. 
When the output power from the wind farm is below grid demand, the stored 
compressed air can be expanded in the turbines to generate electricity to balance the 
insufficient wind power output during the discharging process of the CAES system. 
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With a recuperator, the compressed air extracted from the cavern is preheated with 
the waste heat from the turbine exhaust to improve the round-trip efficiency of the 
CAES system. Then, the preheated air passes into the combustor, where it is mixed 
with fuel and combusted. The high-temperature combustion product is expanded in 
the turbines to generate electricity (Luo et al., 2014; Chen et al., 2013). Therefore, 
one advantage of integrating the CAES system with wind power is that the CAES 
system can be used to curtail the intermittency of wind power by matching the 
integrated system output with the grid power demand. 
 
5.2.2 Operation strategies for the CAES system for wind power 
 
 
Figure 5-2. Wind power output in Northern Ireland over a 48-hour period 
(EIRGRID GROUP, 2017). 
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The wind power output in Northern Ireland over a 48-hour period is shown in Figure 
5-2. The power output is seen to fluctuate between 30 MWe and 400 MWe during 
this period. For the purpose of this study, it is assumed that the wind power required 
to supply to the electricity grid is 110 MWe at all the time (as shown with the solid 
green line in Figure 5-2). The operation strategies of the integrated system can be 
summarised as: 
a) Wind power output above 110 MWe (e.g. from 01:00 to 16:00 in Figure 5-
2): 110 MW of electricity is supplied to the grid and the excess electricity is 
used in the CAES system for storing energy in the form of compressed air; 
b) Wind power output below 110 MWe (e.g. from 16:00 to 24:00 in Figure 5-
2):  The compressed air in the CAES system is expanded to generate 
electricity to balance the wind power output 
c) Wind power output plus the CAES system power output below 110 MWe: 
It is assumed that the electricity produced from other power plants (e.g. a 
conventional power plant) will cover the imbalance (Enis et al., 2003). 
 
5.3 Type selection for compressors and turbines of the CAES 
system 
A combination of a low-pressure axial compressor and three high-pressure 
centrifugal compressors, gas turbines were used in Huntorf CAES plant (Riaz, 2010; 
Wang, 2017; Hoffeins, 1994). In this study, the outlet pressure of compression 
process of the CAES system can reach over 70 bar, so the multi-stage compressors 
with intercooling will be implemented. There are four compressors implemented in 
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the charging process of the CAES system: an axial LPC and three centrifuge HPC. 
As described in Section 1.1.5, the axial compressor implemented in the first stage 
of compression process is used for the requirement of low differential pressure, high 
volume air flow rate and higher efficiency, but the big weight, complex structure 
and high starting power requirements of the axial compressors are its drawbacks 
(EnggCyclopedia, 2012). The wide range of pressure rise is from about 6 bar to 70 
bar after the first stage of compression. The wide range of pressure rise is determined 
by the high rotational speed of impeller and size. Nevertheless, the maximum 
allowable speed will be limited by the strength of structural materials of the impeller 
blades. Thus, the limitation on maximum achievable pressure rise can be overcome 
using high shaft speed centrifugal compressors, which is able to compress air to 
desirable pressure using multi-stage centrifugal compressors operating in series 
(EnggCyclopedia, 2012). It is noticed that the wind speed varies randomly over a 
wide range to result in wind power output fluctuated in a large magnitude. The 
operational range of the CAES system under off-design condition could be limited 
by the surge and choke margins of the centrifugal and axial compressors (Zhang et 
al., 2017).  
In the discharging process, there are two turbines HPT and LPT implemented for 
two expansion stages. The gas inlet condition of the first expansion stage in the 
CAES system for the high-pressure turbine of 43 bar at 550°C is the common feature 
of the steam turbine construction (Hoffeins, 1994). The steam turbine can work at 
temperatures between 500 and 650 °C and high, medium and low pressure and the 
general gas turbine was not compatible with the expansion pressure range from 43 
bar to 11 bar (Kraftwerk, 2018; Barnes and Levine, 2011). Therefore, the HPT used 
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in the first expansion stage is designed by the engineering principle of the steam 
turbine (Hoffeins, 1994).  The LPT designed by the engineering principle of the gas 
turbine is used in second expansion stage for the hot combustion gases and available 
operated at high temperature up to 1500 °C and a pressure drop of 11 bar to 1 bar 
(Kraftwerk, 2018; Hoffeins, 1994). 
 
5.4 Performance analysis of the CAES system in the context of 
wind power 
This section will investigate the technical performance of the CAES system in the 
context of wind power at design and off-design conditions. 
5.4.1 Performance evaluation of the CAES system at design condition 
In this case, the performance of the CAES system at design condition will be 
investigated based on the condition of wind power output in Northern Ireland (refer 
to Figure 5-2) and it will be viewed as a base case for the performance analysis at 
off-design conditions.  
During the charging period, assuming continuous high wind speed, the wind power 
output is assumed to be constant at 170 MWe and the power requirement from 
electricity grid is 110 MWe. Therefore, the 60 MWe electricity from the wind farm 
will be used by the CAES system. During the discharging period, assuming 
continuous weak wind speed, the wind power output is assumed to be constant at 
34.5 MWe. Thus, the 75.5 MWe electricity generated from the CAES system needs 
to be delivered to the grid. Table 5-1 lists the wind power condition and input 
parameters for the CAES system for this case study.  
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Table 5-1. The wind power condition and input parameters at design condition for 
the CAES system. 
Process parameters Values 
Ambient air temperature (˚C) 20 
Ambient air pressure (bar) 1.01325 
Regular operation pressure of the cavern (bar) 
(Crotogino et al., 2001; Hoffeins, 1994) 
43 – 66 
Air temperature in the cavern (˚C) 50 
Air mass flowrate in charging process (kg/s) 108 
LP / HP compressor ratio 5.6436 / 2.37 
HP / LP turbine ratio 3.7313 / 10.5263 
Air mass flowrate in the discharging process (kg/s) 99.60 
The inlet pressure of combustor 1 (bar) 43 
The inlet temperature of combustor 1 (˚C) 50 
The inlet temperature of HP / LP turbines (˚C) 550 / 825 
Exhaust gas temperature (˚C) 110 
Wind power to compressors 
(Motor) 
Rated power (MW) 60 
Frequency (Hz) 50 
Voltage (kV) 21 
Speed (min-1) 3000 
 
Some assumptions about the CAES system are also made as follows: 
 The pressure drops in the intercoolers and aftercooler are assumed to be 1.5% 
of the inlet pressure (Briola et al., 2016). 
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 The pressure drops of the two combustors are 2% of the inlet pressure (Briola 
et al., 2016). 
 The fuel used in the CAES discharging process is pure methane. 
 The isentropic efficiencies of the compressors and turbines are assumed to 
be 84% and 90% respectively (Briola et al., 2016; Cen et al., 2009). 
 The volume of the cavern is assumed to be 140,000 m3. 
 The temperature of the compressed air in the cavern is assumed constant at 
50 ˚C. 
Simulation results of the CAES system based on the aforementioned parameters and 
assumptions are shown in Tables 5-2 and 5-3. Table 5-2 shows the values of the 
stream variable at each point in the system (refer to Figure 5-1 for the stream 
numbering). The simulation results of performance of the CAES system at design 
condition is given in Table 5-3. The total charging electricity of all compressors is 
60MW and total discharging electricity output by the turbines is around 75.5MW. 
The fuel consumed to preheat the compressed air is 83.65MJ/s during the 
discharging process. The charging time (around 8.94 hours) and discharging time 
(around 9.70 hours) were calculated by the Equation (3-1) of the pseudo-dynamic 
model of the cavern in Section 3.4.4. The round-trip efficiency of the CAES system 
at design condition is carried out to be 54.34%. This is around 12.34% higher than 
round-trip efficiency of the Huntorf CAES plant (about 42%) due to the use of a 
recuperator to recover waste heat from the LPT exhaust to preheat the compressed 
air during the discharging operation.  
 
117 
 
 
Table 5-2. The simulation results of the CAES system at design condition. 
Stream 
Numbers 
Pressure (bar) Temperature (˚C) Flowrate (kg/s) 
1 1.01325 20.00 108.00 
2 5.72 237.01 108.00 
3 5.63 50.00 108.00 
4 13.35 155.21 108.00 
5 13.15 50.00 108.00 
6 31.16 155.32 108.00 
7 30.70 50.00 108.00 
8 72.57 155.40 108.00 
9 71.66 50.00 108.00 
10 43.00 50.00 99.60 
11 43.00 334.11 99.60 
12 42.14 550.00 100.09 
13 11.29 332.56 100.09 
14 11.06 825.00 101.27 
15 1.05 384.90 101.27 
16 1.05 110.00 101.27 
 
Table 5-3. The simulation results of performance of the CAES system for wind 
power at design condition. 
Output variables Values 
Total charging electricity of the compressors (MW) 60.00 
Total electricity output (MW) 75.50 
Total fuel consumption (MJ/s) 83.65 
Charging time (Hours) 8.94 
Discharging time (Hours) 9.70 
Round-trip efficiency (%) 54.34 
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5.4.2 Off-design analysis of the CAES system for wind power 
It is difficult to maintain a steady operation (i.e. constant design condition) for the 
CAES system in the context of wind power due to the continuous fluctuation of 
wind power output and the charging electricity of the CAES system. Thus, the 
CAES system would mostly be operated at off-design conditions during the periods 
of charging and discharging operation.  
In the off-design analysis, two operation modes will be investigated including 
constant shaft speed mode and variable shaft speed mode of the compressors. In 
both cases, the turbines’ speeds will be maintained at the electricity grid 
synchronous speed of 3000 rpm (Hoffeins, 1994).  
 
5.4.2.1 Constant shaft speed mode 
The constant shaft speed of the compressors is considered since fluctuating wind 
power output will significantly affect the mass flow rate of compressed air, which 
will also have a significant impact on the pressure ratio and isentropic efficiency of 
compressors (as shown in Figure 5-3) in the CAES charging process.  
For this case study, the wind power output condition within 24 hours has been 
presented in Table 5-4. The average value of wind power output for each hour was 
calculated based on the wind power output in Figure 5-2. The power demand is 110 
MWe required from wind power output. The input parameters of the CAES system 
was listed in Table 5-1.  
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Figure 5-3. The sketch map of the relationship between both (a) pressure ratio and 
(b) isentropic efficiency with mass flowrate for LPC and HPC compressors at 
constant shaft speed mode. 
 
The constant shaft speeds of LPC and HPC which are connected by using a gearbox 
are operated at 3000 rpm and 7620 rpm respectively. The different operating points 
from the characteristic curves of the compressors and the turbines at design 
condition (refer to Figure 3-4 (a) (b) v=1 and Figure 3-5 (a) (b) v=1) were used to 
obtain their corresponding performance data which were added into the models of 
the compressors and turbines developed in Aspen Plus® through Performance 
Rating. 
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Table 5-4. The conditions of wind power output within 24 hours. 
Time (Hour) Wind power output (MW) 
Excess or insufficient 
wind power (MW) 
00:00:00 114.50 4.50 
01:00:00 118.00 8.00 
02:00:00 136.75 26.75 
03:00:00 147.00 37.00 
04:00:00 150.50 40.50 
05:00:00 159.25 49.25 
06:00:00 172.50 62.50 
07:00:00 169.75 59.75 
08:00:00 184.50 74.50 
09:00:00 194.00 84.00 
10:00:00 196.75 86.75 
11:00:00 194.00 84.00 
12:00:00 182.25 72.25 
13:00:00 151.75 41.75 
14:00:00 144.25 34.25 
15:00:00 131.50 21.50 
16:00:00 108.75 - 1.25 
17:00:00 82.50 - 27.50 
18:00:00 59.75 - 50.25 
19:00:00 40.50 - 69.50 
20:00:00 34.50 - 75.50 
21:00:00 35.50 - 74.50 
22:00:00 49.00 - 61.00 
23:00:00 85.25 - 24.75 
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The simulation results in Figure 5-4 show the charging and discharging power of 
the CAES system in the context of wind power at constant shaft speed mode within 
24 hours. Figure 5-5 shows the air mass flowrate change of the CAES system for 
wind power at constant shaft speed mode. From the results, the charging process of 
the CAES system can be operated to utilise excess wind power and store compressed 
air for only 7 hours because the constant shaft speed of LPC limits the flow rate 
range of the compressed air between 106.40 kg/s and 120.5 kg/s.  
 
Figure 5-4. The simulation results of charging and discharging power of the CAES 
system for wind power at constant shaft speed mode within 24 hours. 
 
If the flow rate is less than 106.4 kg/s, this could cause a surge condition of the LPC 
compressor. The rated mass flow rate of the CAES system at design condition is 108 
kg/s. This will result in a limitation in the utilisation range of electricity taken from 
wind power, the electricity taken from the wind power for driving the compressors 
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will be limited to the range between 57.62 MW (106.40kg/s) and 60 MW (108 kg/s). 
In the discharging process, the constant shaft speed of the turbines limits flowrate 
range of the compressed air to be between 55.00 kg/s and 99.60 kg/s. Thus, the 
discharging power of the CAES system will be between 29.77 MW and 75.50 MW.  
 
Figure 5-5. The air mass flowrate of the CAES system for wind power at constant 
shaft speed mode within 24 hours. 
As for the charging and discharging time, the charging process of the CAES system 
taken from excess wind power is limited and operated from 6 am to 12 pm for 7 
hours, the discharging process of the CAES system for generating electricity is 
operated from 4 pm to 11 pm for 8 hours. Figures 5-6 and 5-7 indicate the mass 
change of compressed air and pressure change of the cavern. The pressure of the 
cavern is an important factor considered in the operation process of the CAES 
system for wind power because the pressure of the cavern should be kept within the 
range of the regular operation pressure in the charging and discharging processes. 
Additionally, the round-trip efficiency of the CAES system for wind power at the 
constant shaft speed mode is calculated to be 47.15%. After 24 hours in Figures 5-
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6 and 5-7, it is found that the mass of compressed air is remaining and the pressure 
of the cavern is higher than the minimum operation requirement of the cavern. 
Therefore, the CAES system can continue to generate more electricity, which will 
improve the round-trip efficiency of the CAES system for wind power from 47.15% 
to 50.98%. 
 
Figure 5-6. The mass change of the compressed air in the cavern at constant shaft 
speed mode within 24 hours. 
 
Figure 5-7. The pressure change in the cavern at constant shaft speed mode within 
24 hours. 
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5.4.2.2 Variable shaft speed mode 
The variable shaft speed of the compressors is also considered because the mass 
flow rate range was bounded at the constant shaft speed mode in Section 5.4.2.1. 
Also, the different wind power will affect the flow rate of compressed air which also 
has an impact on the pressure ratio and shaft speed of the LPC and HPC. Therefore, 
it is also essential to investigate the effects of variable shaft speed mode on the 
CAES system. For this case study, the wind power output condition is the same with 
the previous section in Table 5-4. The input conditions of the CAES system were 
same as Section 5.4.2.1. The characteristic curves of the compressors were used to 
obtain their corresponding performance data, which followed the optimal efficiency 
line enable LPC and HPC to operate at optimal efficiency at different shaft speeds 
(as shown with the solid green line in Figure 3-4 (a) and (b) ‘Optimal efficiency’). 
From the simulation results of Figure 5-8, the simulation results of charging and 
discharging power of the CAES system for wind power at variable shaft speed mode 
were presented. Figure 5-9 shows the air mass flowrate change of the CAES system 
for wind power at variable shaft speed mode. Compared with the constant shaft 
speed mode, the CAES system at variable shaft speed mode can compress more 
mass of compressed air for energy storage than that at constant shaft speed mode. 
The charging process of the CAES system can be operated at a wider range of flow 
rate between 41.5 kg/s (power requirement of compressors is 7.1 MW) and 108 kg/s 
(60 MW).  
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Figure 5-8. The simulation results of charging and discharging power of the CAES 
system for wind power at variable shaft speed mode within 24 hours. 
 
 
Figure 5-9. The air mass flowrate of the CAES system for wind power at variable 
shaft speed mode within 24 hours. 
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However, it is noticed that the outlet pressure of the aftercooler through a throttle 
valve should be considered and this pressure should be higher than existing pressure 
of the cavern. Otherwise, the compressed air cannot be injected into the cavern. 
Therefore, the charging time of the CAES system taken excess wind power and 
ensuring the inlet pressure to be higher than the existing pressure of the cavern was 
from at 5 am to 1 pm for 8 hours. As for the discharging process, the operation 
condition at variable shaft speed mode is the same as that at constant shaft speed 
mode due to the same condition of both modes. The round-trip efficiency of the 
CAES system for wind power at variable shaft speed mode is calculated to be 
44.68%.  From Figures 5-10 and 5-11, it is also found that the mass of compressed 
air is remaining and the pressure of the cavern is also higher than the minimum 
operation requirement of the cavern after 24 hours operation. Therefore, the system 
can continue to generate more electricity, which will improve the round-trip 
efficiency of the CAES system for wind power from 44.68% to 51.69%. 
 
Figure 5-10. The mass change of the compressed air in the cavern at variable shaft 
speed mode within 24 hours. 
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Figure 5-11. The pressure change of the compressed air of the cavern at variable 
shaft speed mode within 24 hours. 
 
5.4.2.3 Comparison between the two modes 
Comparing the design and off-design conditions, it is evident that the round-trip 
efficiency of the CAES system for wind power at design condition is higher than 
that at off-design conditions.  The reason is that the CAES system for wind power 
can operate at optimal operating points at design condition. However, the CAES 
system operating at design condition can only be an ideal case.   
Comparing both modes at off-design conditions, both modes have same electricity 
generation in the discharging process within 24 hours, but the charging process at 
variable shaft speed mode can utilise more excess wind energy for energy storage 
than at constant shaft speed mode. From the simulation results of Figures 5-4 and 5-
8, the CAES system for wind power at variable shaft speed mode can use more 
excess wind energy (49.25 MWh) than constant shaft speed mode. From the 
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remaining mass of compressed air and pressure of the cavern at both modes in 
Figures 5-6 and 5-10, the CAES system for wind power at variable shaft speed mode 
can store more compressed air (51.55×103 kg) in the cavern than that at constant 
shaft speed mode.  When the discharging process of the CAES system for wind 
power at both modes continue to operate for generating electricity in discharging 
process after 24 hours, the CAES system for wind power at variable shaft speed 
mode can generate more electricity (76.00 MWh) and provide longer discharging 
time than that at constant shaft speed mode. In this case, when the mass of the 
compressed air in the cavern at both modes can be utilised until to the same 
minimum operating pressure of the cavern (43 bar), the round-trip efficiency of the 
CAES system for wind power at variable shaft speed mode (51.69%) is higher than 
that at constant shaft speed mode (50.98%).   
Moreover, the variable shaft speed compressor will save more electricity 
consumption than constant shaft speed compressor because the constant shaft speed 
compressor only can be very efficient when operating at design condition, it cannot 
be changed the shaft speed for lower mass flow rate. The variable shaft speed 
compressor can change the shaft speed with the different air mass flow rates, which 
can reduce energy consumption by about 35% (Atlas Copco, 2018). Therefore, the 
CAES system for wind power at variable shaft speed mode could be a better choice 
than constant shaft speed mode, due to higher round-trip efficiency, more utilisation 
of excess wind power and more power output. 
 
129 
 
 
5.5 Conclusions 
In this chapter, the performance analysis of the CAES system in the context of wind 
power at design and off-design conditions was carried out. The improved models of 
the compressors, turbines and cavern were used for the CAES system in the context 
of wind power. The main conclusions are summarized as follows: 
 The CAES system for wind power at constant and variable shaft speed 
modes can utilise excess wind electricity to store the compressed air and it 
can expand compressed air to generate electricity to smooth the fluctuating 
wind power with proposed different operating strategies. 
 In the process analysis of off-design conditions, the range of air mass flow 
rate in the charging process of the CAES system at constant shaft speed 
mode was limited, which results in a limitation of the utilisation range of 
electricity taken from wind power. The range of air mass flow rate of the 
CAES system for wind power at variable shaft speed mode has a much wider 
range of the mass flow rate than that at constant shaft speed mode.  
 The CAES system for wind power at variable shaft speed model has better 
performance than that at constant shaft speed. This is because the CAES 
system at variable shaft speed mode utilise more excess wind energy (49.25 
MWh), store more compressed air (51.55×103 kg), generate more electricity 
(76.00 MWh) and provide longer discharging time than at constant shaft 
speed mode.  
The CAES system could be an effective solution and promising approach for 
operating and utilising wind power to supply power for the grid flexibly. 
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Additionally, economics evaluation as an important factor for a power plant should 
be also considered. The economic evaluation of the CAES system for wind power 
at design and off-design conditions will be investigated in Chapter 6. 
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6. Economic Evaluation 
6.1 Introduction 
The economic evaluation should be one of vital factors considered for a system or 
plant. In this chapter, the methodology of economic evaluation is presented in 
Section 6.2. The economic evaluations for the CAES system integrated with ORC 
and the CAES system in the context of wind power will be investigated in Sections 
6.3.1, 6.3.2 and 6.4 respectively. The comparison of LCOE between the CAES 
system and different power sources will be also considered in Sections 6.3.3 and 6.4. 
6.2 Methodology of economic evaluation 
Economic evaluations were implemented in APEA V8.4. APEA has become a 
professional and industrial standard Engineering tool. It is considered to be more 
accurate than correlation-based economic evaluation methods (Luo et al., 2014). 
APEA can be used for engineering design and evaluation of different types of 
projects because it consists of design procedures and price data for many types of 
project materials and components and considers engineering contingency (5%). A 
bottom-up method is applied through the APEA. The unit operations were mapped 
to individual equipment cost model that can be designed manually due to some 
special components when the simulation model is imported into APEA. 
The LCOE can calculate present value of the total cost of building and operating a 
power plant over an assumed lifetime, it can allow the comparison of different power 
sources, plant size, capital cost, capacities (USDOE, 2015). As for the expenditures, 
the LCOE of a system was calculated by dividing total annual cost (TAC) by the net 
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power output annually (𝐸𝑜𝑢𝑡𝑝𝑢𝑡), as expressed in Equation (6-1) (Luo and Wang, 
2017). TAC is a sum of annualised capital expenditure (ACAPEX), fixed operation 
expenditure (FOPEX) and variable operational expenditure (VOPEX), as described 
in Equation (6-2) (Luo et al., 2014; McGrail et al., 2013; Luo and Wang, 2017). 
CAPEX involves the costs of equipment materials and installation, engineering and 
management, labour generated during the plant construction. The ACAPEX is the 
total CAPEX multiplying by capital recovery factor (CRF), as written by Equations 
(6-3) and (6-4) (Luo and Wang, 2017; McGrail et al., 2013). FOPEX involves the 
costs of long term service agreement, operating and maintenance and other fixed 
costs which could be generated during the periods of full load or shutdown. VOPEX 
of this system includes fuel cost and the cost of electricity consumption for the 
compressors. 
 𝐿𝐶𝑂𝐸 =  
𝑇𝐴𝐶
𝐸𝑜𝑢𝑡𝑝𝑢𝑡
                                                    (6-1) 
𝑇𝐴𝐶 = 𝐴𝐶𝐴𝑃𝐸𝑋 + 𝐹𝑂𝑃𝐸𝑋 + 𝑉𝑂𝑃𝐸𝑋                                    (6-2) 
𝐴𝐶𝐴𝑃𝐸𝑋 = 𝐶𝐴𝑃𝐸𝑋 × 𝐶𝑅𝐹                                                 (6-3) 
𝐶𝑅𝐹 =
𝑖(1+𝑖)𝑛
(1+𝑖)𝑛−1
                                                      (6-4) 
CRF is determined by 𝑛  (specifying the CAES plant life) and 𝑖  (discount rate). 
Some parameters summarised in Table 6-1 were used for the LCOE model. Capacity 
factor is the total time of power output expected in one year. Regarding to the 
aforementioned equations, a simplified model can be used to calculate the LCOE of 
the integrated system, described in Equation (6-5) (McGrail et al., 2013): 
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LCOE = {(CAPEX × CRF + FOPEX ) / (365days × 24hours × Capacity factor) } 
+ Fuel cost/kWh + Electricity consumption cost/kWh                                         (6-5) 
Table 6-1. Parameters for LCOE model (McGrail et al., 2013). 
Description Value 
CAES plant lifetime (years) 20 
Discount rate (%) 4 
CRF 0.074 
Capacity factor (%) 25 
Fuel cost ($/Thousand Cubic Feet) (UEI, 2016) 3.426 
Engineering contingency 5% 
 
 
6.3 Economic evaluation for the CAES system integrated with 
ORC 
6.3.1 Economic evaluation of effects of different working fluids of the ORC 
For the CAES system integrated with ORC, the investigation of the LCOE with a 
different selection of ORC working fluids is important for comparing their economic 
advantages. Selection of the working fluid will not only affect the power output and 
round-trip efficiency, but also affect the cost of the equipment and the plant. 
Therefore, it is essential to investigate the economic impacts of the different ORC 
working fluids. 
The compressors of the charging process will consume electricity to compress air 
for storing energy. In general, the CAES system uses excess and cheaper electricity 
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to compress air at the off-peak time, due to economical consideration. The electricity 
price 2.927 cents/kWh at the off-peak time in the winter was assumed for this case 
study (Pacific Power, 2017).  
Table 6-2. Comparison of costs of CAES system integrated with ORC using 
different working fluids. 
Costs R134a R123 R152a R245fa R600a 
CAPEX (cents/kWh) 4.880 4.898 4.872 4.910 4.934 
FOPEX (cents/kWh) 0.725 0.713 0.722 0.714 0.716 
Fuel cost (cents/kWh) 0.0463 0.0462 0.0463 0.0462 0.0463 
Electricity consumption cost 
(cents/kWh) 
1.414 1.377 1.397 1.388 1.395 
LCOE (cents/kWh) 7.066 7.035 7.037 7.058 7.091 
 
This economic evaluation of the APEA model is based on Aspen Plus® model 
developed in Chapter 3. Table 6-2 illustrates the simulation results of different costs 
of the CAES system integrated with ORC using different working fluids. FOPEX 
and Fuel cost are almost the same for the five working fluids because all the 
components and flow rate of fuel are the same. However, the CAPEX is different 
because the EIP and EIT of ORC for the different working fluids are different. 
Hence, the size and capital cost of the components are different. Costs of electricity 
consumption for five different working fluids are different because power outputs 
for the different working fluids during charging and discharging operations are 
different. LCOE was lowest with R123 as the working fluid and that of R152a was 
almost the same as R123. However, the round-trip efficiencies of the integrated 
system for them are different (refer to Figure 4-4). Therefore, the round-trip 
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efficiency of a system is not the only factor that should be considered, economic 
evaluation of the system is also important. 
6.3.2 Economic evaluation of effects of different power sources 
The CAES system integrated with the ORC is not an independent system and it has 
to be associated with power plants such as coal-fired, wind, nuclear, solar 
photovoltaic (PV) power plants (Chen et al., 2009). Therefore, considering and 
comparing the effects of the power sources on the price of electricity is essential. 
The CAES system without the ORC will be implemented and compared with the 
integrated system associated with different power sources including charge free, 
commercial power (off-peak), wind power, nuclear power and solar PV power. 
Electricity prices of these power sources are different. Therefore, it is more 
persuasive that LCOEs of the integrated system using different working fluids 
associated with different power sources was investigated. 
Table 6-3 shows the LCOE of the CAES system without ORC and the CAES system 
integrated with the ORC associated with different power sources. From the results, 
if the charging electricity is free, LCOE of the CAES system without the ORC is 
only 5.247 cents/kWh which is cheaper than that of the integrated system using 
working fluid, because it is uneconomical to recover waste heat during charging 
operation of the CAES system when electricity is free. When adopting off-peak 
commercial electricity for energy management strategy, the LCOE of the CAES 
system is still cheaper than residential electricity price (12.75 cents/kWh (EIA, 
2016)) and the CAES system integrated with the ORC running in the summer is 
more economical than the CAES system without the ORC. When the CAES system 
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is supplied with expensive renewable energy, it is evident that LCOE of the CAES 
system integrated with the ORC is much cheaper than renewable energy except 
onshore wind power, and the LCOE of the CAES system integrated with ORC 
associated with renewable energy is cheaper than that of the CAES system without 
ORC.  
Table 6-3. LCOE of the standalone CAES system and the integrated system 
associated with different power sources. 
 
Charge 
free 
Commercial power 
(Pacific Power, 2017) 
Wind power 
(OpenEI, 2015) Nuclear 
power 
(OpenEI, 
2015) 
Solar PV power  
(OpenEI, 2015; 
LAZARD, 2014) Off-peak 
(Summer) 
Off-peak 
(Winter) 
Onshore Offshore 
Power price 
(cents/kWh) 
0 7.912 2.927 7.2 13 10.2 16.85 
 LCOE (cents/kWh) 
Case 1: 
CAES without 
ORC 
5.247 9.673 6.885 9.275 12.520 10.953 14.674 
Case 2: 
CAES 
with 
ORC 
R134a 5.652 9.474 7.066 9.130 11.932 10.579 13.792 
R123 5.658 9.380 7.035 9.045 11.774 10.456 13.585 
R152a 5.640 9.416 7.037 9.077 11.845 10.508 13.682 
R245fa 5.671 9.422 7.058 9.084 11.834 10.507 13.659 
R600a 5.696 9.466 7.091 9.127 11.891 10.557 13.726 
 
The results for solar PV power and offshore wind power cases show the LCOE from 
the CAES system with the ORC is even lower than the power price supplied directly 
by solar PV and offshore wind power plant. This indicates one important benefit of 
the CAES system with the ORC, which is that the total amounts of electricity 
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generated from discharging process of the CAES system is almost double with the 
input rate of electricity during the charging process. The excess part actually is 
generated by combusting cheap fossil fuel such as natural gas. In this way, 
integrating the CAES system with the ORC could decrease the expensive prices of 
electricity from renewable energy such as offshore wind farm and solar power plant. 
 
6.3.3 Comparison of LCOEs for different power sources 
 
Figure 6-1. Comparative LCOEs for different power sources. 
Figure 6-1 illustrates a comparison of LCOEs for different types of power sources. 
The CAES system integrated with the ORC associated with different power sources 
can provide the price of electricity that could be competitive with wind power, 
hydropower and nuclear power, even also some conventional coal power (OpenEI, 
2015; LAZARD, 2014). The CAES system integrated with the ORC is capable of 
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solving intermittence of renewable energy and system level needs (such as off-peak 
oversupply, peak power generation, balancing supply-demand), its functions could 
have more potential value than reasonable LCOEs (McGrail et al., 2013).  
Additionally, the integrated system of the CAES system with the ORC has 
significant environmental benefits in the reduction of carbon emissions. The 
simulation results showed that the CO2 emission of this integrated system is 0.1337 
kg/kWh. Compare with other power plants, the CO2 emission from brown-coal-fired 
and hard coal-fired power plants are 1.183 kg/kWh and 1.142 kg/kWh respectively, 
and that from Natural gas power plants is 0.572 kg/kWh (WINGAS, 2017). Hence, 
the CAES system integrated with ORC also releases much less CO2 emission than 
other power sources. 
6.4 Economic evaluation for the CAES system for wind power 
Table 6-4 presents the LCOE of the CAES system for wind power at design and off-
design conditions. From the results, the LCOE of the CAES system in the context 
of wind power at design condition (4.94 cents/kWh) is the cheapest of all. At off-
design conditions, the LCOE of the CAES system for wind power within 24 hours 
is higher than that at the minimum operation pressure (43 bar) of the cavern because 
the stored compressed air was not fully discharged within 24 hours in this study and 
the CAES system can continue to produce more electricity after 24 hours. When 
both modes were operated within 24 hours, the LCOE at constant shaft speed mode 
is cheaper than that at variable shaft speed mode. However, the LCOE at constant 
shaft speed mode is higher than that at variable shaft speed mode, when both modes 
were operated at the same operating pressure of the cavern (43 bar). Moreover, the 
 
139 
 
 
LCOEs at these three modes are lower than the residential electricity price (12.75 
cents/kWh (EIA, 2016)).  
Table 6-4. Comparison of costs of CAES system for wind power at design and off-
design conditions. 
Cost 
(cents/kWh) 
Design 
condition 
Off-design conditions1 Off-design conditions2 
Constant 
shaft speed 
mode1 
Variable 
shaft speed 
mode1 
Constant 
shaft speed 
mode2 
Variable 
shaft speed 
mode2 
ACAPEX 3.335 5.695 5.695 4.820 4.180 
FOPEX 1.548 2.125 2.300 1.894 1.857 
Fuel cost 0.058 0.0588 0.0588 0.0587 0.0586 
LCOE 4.94 7.88 8.05 6.77 6.10 
1. The CAES system for wind power was operated within only 24 hours of this study. 
2. The CAES system for wind power was operated until to the minimum operation pressure (43 bar) of the 
cavern. 
 
Figure 6-2 shows a comparison of LCOE between the CAES system and different 
types of power generation technologies. The CAES system can provide the price of 
electricity that could be cheaper than some renewable energies (e.g. offshore wind 
power and solar power), hydropower and nuclear power, even also some 
conventional power (Natural gas combustion turbine) (OpenEI, 2015; LAZARD, 
2014). The CAES system integrated with the wind power is capable of balancing 
supply and demand of the grid. This function of the CAES system integrated with 
wind power could have more potential value than the reasonable LCOE (McGrail et 
al., 2013). 
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Figure 6-2. Comparative LCOE between the CAES system integrated with wind 
power and different power sources (OpenEI, 2015; LAZARD, 2014). 
 
6.5 Conclusions 
In this chapter, the economic evaluations of the CAES system integrated with the 
ORC and the CAES system for wind power were carried out by APEA. The main 
conclusions are summarized as follows: 
 With free or low price off-peak electricity input for the charging process of 
the CAES system integrated with ORC, the LCOE for CAES plant is lower 
than the residential electricity price. The integrated system of the CAES 
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system with ORC further decreases the LCOE. That could be an effective 
solution for flexible operating for residential power supply. 
 When the offshore wind farm or solar power plants are used in the CAES 
system integrated with ORC, their LCOEs could decrease which leads to a 
lower electricity sale price. 
 R123 as the ORC working fluid has the best performance investigated in 
Chapter 4 and the lowest LCOE. The reason is that R123 with a lower 
expander inlet pressure. Hence, R123 as working fluid has a lower capital 
cost which leads to a lower LCOE. 
 The LCOE for the CAES system for wind power at variable shaft speed 
mode is lower than that at constant shaft speed mode and the LCOE at both 
modes are lower than some renewable energies (e.g. offshore wind power 
and solar power), hydropower, nuclear power, some conventional powers 
(natural gas combustion turbine) and the residential electricity price.  
Thus, the CAES system as one of grid-scale energy storage technologies will not 
only address the issue of intermittency of fluctuating wind power, but also can 
decrease the electricity price for renewable energy sources to improve their overall 
economic competitiveness.
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7. Conclusions and Recommendations for Future Work 
7.1 Conclusions 
The CAES system has the potential for load shifting and curtailing the intermittency 
problem of wind electricity. A critical review and assessment for the CAES system 
were carried out. The review assessed different research fields of CAES systems 
including lab experimental rigs, pilot CAES plants, commercial and planned 
commercial CAES plants, performance improvement and system optimisation, 
CAES system integrated with renewable energy sources, economic evaluation and 
environmental impacts and final performance criteria for CAES system. A full scope 
of this study including the model development and validations, the process 
performance analysis for the CAES system integrated with the ORC to recover 
waste heat for efficiency improvement, performance investigation of the CAES 
system for wind power at design and off-design conditions to smooth the power flow 
of the grid. Furthermore, economic evaluations were performed for the integrated 
systems of the CAES system with ORC and the CAES system for wind power. 
7.1.1 Model development and model validations 
The study has been performed for model development in Aspen Plus® for the CAES 
system, ORC, compressors and turbines. The model validations were carried out 
with input parameters based on industrial operation considerations. The steady-state 
models for the charging and discharging processes of the CAES system were 
developed. The model validation and model comparison for the CAES system were 
carried out based on the real plant and reference system. A steady-state model for 
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ORC was developed for integrating with the model of the CAES system. The 
improved models for compressors and turbines developed based on the 
characteristic curves and model validations were also carried out. The pseudo-
dynamic model for the cavern was developed in the Excel. These improved models 
were implemented for the process analysis of the CAES system in the context of the 
fluctuating wind power at design and off-design conditions. 
7.1.2 The CAES system integrated with ORC 
A technical performance analysis for the CAES system integrated with ORC was 
carried out to investigate the effects of different ORC work fluids and EIP of the 
ORC. The steady-state process model of the proposed CAES system integrated with 
the ORC was developed in Aspen Plus® with input parameters based on industrial 
operation considerations. The power output and operating temperature of ORC 
working fluids increase with the operating pressure, the ORC performance is also 
improved. The round-trip efficiency of the CAES system integrated with the ORC 
has been improved approximately by 3.32-3.95% with different working fluids in 
the ORC when compared with the CAES system without the ORC. R123 as the ORC 
working fluid has the best performance, the reason is R123 with a lower expander 
inlet pressure. Thus, the choice of an appropriate ORC working fluid should 
consider the factors of efficiency and safe operation for the integrated system, 
economics should be also considered as an essential factor for the power plants.
7.1.3 The CAES system for wind power 
This study has also been performed for the CAES system for the fluctuating wind 
power. The CAES system at constant and variable shaft speed modes can utilise 
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excess wind electricity to store the compressed air and it can expand compressed air 
to generate electricity to smooth the fluctuating wind power with proposed different 
operating strategies. The range of air mass flow rate in the charging process of the 
CAES system at constant shaft speed mode was limited to be between 106.40 kg/s 
and 108 kg/s, which also results in a limitation of the utilisation range of electricity 
taken from wind power. The mass flow rate range of the compressed air at variable 
shaft speed mode was limited between 41.5 kg/s and 108 kg/s, which has a much 
wider range of the mass flow rate than that at constant shaft speed mode. The CAES 
system for wind power at variable shaft speed mode has better performance than at 
constant shaft speed mode. This is because the CAES system at variable shaft speed 
mode can utilise more excess wind power to store more compressed air into the 
cavern and generate more electricity for longer discharging time. The CAES system 
will be a promising approach for smoothing the fluctuating wind power. 
7.1.4 Economic Evaluation 
The economic evaluations for the CAES system integrated with the ORC and the 
CAES system for wind power were carried out by APEA. With free or low price 
off-peak electricity input, the LCOE for CAES plant is lower than the residential 
electricity price. The integrated system of the CAES system with ORC further 
decreases the LCOE. When the offshore wind farm or solar power plants are 
integrated with the CAES system integrated with ORC, their LCOEs could decrease 
which leads to a lower electricity sale price. As for the economic evaluation for the 
CAES system for wind power, the LCOE for the CAES system for wind power at 
variable shaft speed mode is lower than that at constant shaft speed mode and the 
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LCOE at both modes are lower than some renewable energies (e.g. offshore wind 
power and solar power), hydropower, nuclear power, some conventional powers 
(natural gas combustion turbine) and the residential electricity price. Thus, the 
CAES system not only addresses the problem of intermittency of fluctuating wind 
power, but also it can decrease the electricity price for renewable energy sources. 
 
7.2 Recommendations for future work 
The following points are recommended for future research of the CAES system: 
 Presently, the technical performance analysis of the CAES system is based 
on the first law of thermodynamics. The exergetic analysis should be 
investigated to study exergy destruction, compare different CAES plants to 
design and operate and identify the equipment for efficiency improvement. 
 As for the efficiency improvement of the CAES system, this study adopted 
the ORC to recover waste heat from the CAES system. Other approaches 
should be studied. For example, the TES system is discussed in many 
literatures with the round-trip efficiency, heat storage materials and 
modelling. 
 The CAES models of this study have been limited to steady-state models and 
the steady-state performance analysis. In the future work, the dynamic 
models of the CAES systems and dynamic performance analysis should be 
considered. 
 The preliminary design of a CAES system for wind power has been carried 
out based on the theoretical characteristic curves of the compressors and 
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turbines. Experimental study of the performance, dynamic modelling of the 
compressors and turbines should be further investigated, which can assure 
the reliability of the compressors and turbines. 
 The improved model of the CAES system can be integrated with both ORC 
and wind power. The integrated system can not only improve the round-trip 
efficiency of the standalone CAES system, but also can curtail the 
intermittency problem of wind power. 
 The recuperator of the CAES system is only implemented in the modelling 
and simulation with the consideration of temperature difference between the 
cold and hot fluids and pinch point. Further work about the design of the 
recuperator should be considered with the pressure loss, flow area (e.g. 
length and the number of tubes) for further optimisation. 
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